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FOREWORD 
The General American Research Division (GAFD) i n  c o o p e r a t i o n  w i t h  t h e  
National Aeronautics and Space Administration (NASA/Langley) has conducted 
a program t o  develop a method whereby p res su re  s igna tu res  gene ra t ed  by  
supersonic  aircraft  may be readily and economically simulated with detonable 
gas  explosions.  Program effor ts  were directed towards two pr imary object ives:  
1) formulat ion of  a ra t iona l  bas i s  which  enables  the  des ign  of  exper iments  
which w i l l  produce a desired pressure s ignature ,  and 2)  demonstrat ion of  the 
s imula t ion  o f  t h i s  p re s su re  s igna l .  
The program was sponsored by the Federal  Aviat ion Adminis t ra t ion through 
Mr. J. K. Power of  the  Off ice  of  Noise  Abatement and adminis tered by the 
National Aeronautics and Space Administration under Contract No.  NAS1-9252 
e n t i t l e d  The Development of a Sonic Boom Simulator with Detonable Gases. The 
period of performance was 1 2  June 7969 through 19 June 1970. 
. ~-~~ ~ . . ... . . 
GARD personnel  were responsible  for  the design of  the experiments ,  reduc-  
t i o n ,  a n a l y s i s  and In t e rp re t a t ion  o f  da t a .  Deployment  and load ing  o f  t he  
balloon  specimen were func t lons  of  GARD personnel .  NASA/Langley personnel  
were   respons ib le   for   the   ins t rumenta t ion   and   da ta   record ing   sys tems.   Ins ta l la -  
t i o n  and  opera t ion  of  the  de tona t ing  ign i t ion  sys tem was t h e  f u n c t i o n  o f  t h e  
NASAILangley Explosives C r e w .  Overa l l   respons ib i l i ty   and   cont ro l   o f   d i rec t ing  
the  expe r imen ta l  f i e ld  ope ra t ion  was v e s t e d  i n  NASA/Langley personnel .  
The cooperation  of Messrs. H. B. P i e rce ,  R. H. Rhyne, G. F. Black,  and 
R. N. Barnes of Langley Research Station contributed t o  t h e  s u c c e s s f u l  com- 
p le t ion  of  the  program.  Thei r  a id  and  ass i s tance  i s  gratefully acknowledged. 
Major t e c h n i c a l  and adminis t ra t lve  program di rec t ion  w a s  provided by 
D r .  W. 5. Byrne, Group Leader,  Applied  Mechanics. The a s s i s t a n c e  i n  program 
planning and f ie lding of  the experiments  provided by Mr. R. J.  K l i m a  during 
the  program commencement phase i s  s incere ly   apprec ia ted .   Successfu l   comple t ion  
of the program was g rea t ly  a ided  by t h e  e f f o r t s  o f  Mr. R.  S .  Koike of GARD. 
H i s  inva luable  cont r ibu t ions  to  the  f ie ld ing  of  the  exper iments  and  the  
drawing of  the f igures  in  this  report  are  acknowledged.  
All of the experiments  were performed on the Sonic Boom Simulation range 
at NASA/Langley. The experiments were organized  on  the  bas i s  of four  in-  
dependent t e s t  groups,  each group consisting o f  approximately ten specimens.  
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THE DEXF,LOPMENT OF A SONIC BOOM SIMULATOR 
WITH DETONABU GASES 
R. T. S t r u g i e l s k i ,  L. E. Fugelso, L. B. Holmes, and W. J. Byrne 
General American Research Division 
INTRODUCTION 
Problem Def in i t i on  
The adven t  o f  supe r son ic  a i r c ra f t  t o  t he  f i e ld  o f  commerc ia l  t r anspor -  
t a t i o n  i s  accompanied  by several s ignif icant   problems.   Foremost   a long  these 
are t h e  e f f e c t s  of the moving pressure  f ie ld  genera ted  by  the  h igh  speed  
f l i g h t  of t h e s e  a i r c r a f t  on objects,  both animate and inanimate.  A t y p i c a l  
sonic-boom waveform a t  g round  l eve l  cons i s t s  of a leading shock, a decay t o  
pressures below ambient followed by a t a i l  shock which r e tu rns  the  p re s su re  
t o  ambient. The magnitudes  and  duratfons  are  dependent upon a i r c r a f t  con- 
f igura t ion ,  a i rc raf t  opera t iona l  charac te r i s t ics  and  a tmospher ic  condi t ions .  
The complex na tu re  of t h e  r e a l  p roblem prec ludes  de ta i led  theore t ica l  
ana lys i s  of  sonic-boom response.  For  this  reason  an  experimental  program 
i s  t h e  most reasonable  means for  any  response  s tudies .  
A c t u a l  a i r c r a f t  u t i l i z a t i o n  in an experimental  p.rogram i s  not always 
poss ib l e  as o v e r - f l i g h t s  a t  supersonic  speed  af fec t  l a rge  a reas  outs ide  
the  pr imary  tes t  reg ions  and  the  cos ts  of ex t . ens ive  t e s t ing  u t i l i z ing  
s u p e r s o n i c  a i r c r a f t  f o r  s t a t i s t i c a l  a n a l y s i s  of atmospheric effects and 
response   o f   s t ruc tures   a re   h igh .   Severa l   sonic  boom simulat ion  techniques 
a r e  a l r e a d y  i n  e x i s t e n c e ,  however, t h e i r  s i g n a l  g e n e r a t i o n  c a p a b i l i t y  i s  
somewhat l imi t ed  in  t e rms  of s ignal   overpressures   and  durat ions  ( ref  1). 
These  l imi ta t ions  prec lude  f u l l  scale  s ignal .  reproduct ion which in  turn 
limit evalua t ion  of t h e  e f f e c t s  of f u l l  s c a l e  s i g n a l s  on ob jec t s  be  they  
ex is t ing  s t ruc tures  or  Liv ing  be ings .  Therefore  deve lopment  of a r e l i a b l e ,  
low cos t  exper imenta l  t echnique  for  the  reproduct ion  of f u l l - s c a l e  s o n i c  
booms i s  h igh ly  des i r ab le .  
One such technique -Ps t h e  g e n e r a t i o n  of weak air-shock waves by the 
de tona t ion  of  de tonable-gas  mixtures  conta ined  in  th in  p las t ic  or mylar 
ba l loons .  In  o rde r  t o  deve lop  an  N-wave gene ra t ing  capab i l i t y  wi th  ba l loons  
f i l led with detonable  gases ,  the bal loon geometr ies  which produce N-wave- 
forms  must  be  determi.ned. Once they  are ,de te rmined ,  an  e f f ic ien t  exper imenta l  
procedure must be devised such that f ield deployment i s  accomplished with ease 
and  acceptable   cost .   These two aspects,   namely,   determining  the  family  of 
N-wave generat ing bal loons and detonat ion of  said bal loons,  have given impetus  
t o  t h e  s u b j e c t  program. 
1 
Program Methodology 
The objec t ives  of  th i s  program are  twofold :  1) t o  develop  procedures 
t h a t  w i l l  permit the design of  a gas- f i l l ed  envelope ,  whose subsequent deto- 
na t ion  w i l l  produce an N-wave, 2 )  t o  success fu l ly  des ign  th i s  ba l loon  and  
demon s t  rat e t h e  N-wave 
To accomplish these aims a primarily experimental  program was undertaken 
i n  four  broad  phases.   Basic  information on the  de tona t ion  o f  gas - f i l l ed  
bal loons and the ensuing pressure-prof i les ,  was measured i n  t h e  i n i t i a l  p h a s e  
The e f f e c t s  of  var ious igni t ion devices  and their  posi t ioning,  of  augmenting 
the  gas-de tona t ion  wi th  de tona t ing  cord ,  and  of  te ther ing  e f fec ts  on the  
bal loon  were  the  subjects  of the  second  experimental   phase.   Invest igat ion of 
the  e f fec t  o f  ba l loon  shape  on t h e  f a r  f i e l d  p r e s s u r e  s i g n a l  f o r  a v a r i e t y  of 
elementary  balloon  shapes  comprised  the  next  phase.   Util izing  the  information 
ga thered  in  these  three  phases ,  a shaped balloon capable of y i e ld ing  a n  N-wave 
was des igned ,  fabr ica ted  and  tes ted  in  the  f ina l  exper imenta l  phase .  
Conclusions 
A p r e s s u r e  p r o f i l e  i n  t h e  form of an N-wave can be generated by the 
detonation  of a shaped,   s lender   gas-f i l led  bal loon.  A family  of  such 
bal loons exis ts  which can produce N-wave p r o f i l e s  of  any desired durat ion 
and peak overpressure. The pressure profiles which have been ex2erimentally 
g e n e r a t e d  i n  t h i s  program s imula te  the  pressure  s igna ls  charac te r iz ing  sonic  
booms. Signa l  du ra t ions  of up t o  75 mill iseconds were recorded a t  d i s t ances  
l e s s  t h a n  800 f e e t  from the  po in t  of ba l loon  de tona t ion .  Peak overpressures  
in  the  r ange  3 t o  15  psf were obtained. 
The ba l loon  conf igura t ion  requi red  t ,o  ob ta in  N-waves having durations 
on the  order  of 75 mi l l i seconds  a t  a range of 800 f e e t  i s  a composite shape, 
60 feet  long,  consis t ing of  two truncated cones and a c y l i n d r i c a l  segment, 
the  cones  abut ing  e i ther   end  of   the  cyl inder .  The cone sect ion  toward  the 
observa t ion  poin t  devia tes  on ly  s l igh t ly  f rom a c y l i n d r i c a l  segment, while 
t he  o the r  cone  has a g rea t e r  s lope .  The bal loon,  when f i l l e d  w i t h  t h e  
detonable gas mixture,  i s  suspended from a cable  and te thered i n  a ho r i zon ta l  
p o s i t i o n  20 f e e t  above  the  ground. The gas mixture,  consisting of a methane 
and oxygen in  the  mola r  r a t io  o f  one t o  t.wo, i s  detonated by a Primacord 
s t r a n d  w h i c h  l i e s  a l o n g  t h e  c y l i n d r i c a l  a x i s  o f  t h e  b a l l o o n .  The Primacord, 
n e c e s s a r y  f o r  s t a b i l i z a t i o n  of t h e  r e s u l t i n g  p r e s s u r e  s i g n a l ,  i s  i g n i t e d  b y  
a convent ional  detonator  a t  t h e  end  of  the  ba l loon  neares t  to  the  observa t ion  
point  such that  the ensuing Primacord detonat ion propagates  away from the  
observa t ion   po in t ,  The method, s i m i l a r   i n   c o n c e p t   t o  a mul t ip le   s t rand  
Primacord technique developed by Htiwkins and Hicks (ref .  2 )  has a s i g n a l  which 
i s  cha rac t e r i s t i ca l ly  devo id  of high frequency noise or  "hash", t yp ica l  o f  
a i r  shocks generated by so l id  exp los ives .  
2 
Field deployment i s  simple  and safe. A five man crew i s  r e q u i r e d  t o  
provide a cyc le  time of two hours per experiment. The balloon suspension 
system requires  nothing more than  a ca tenary  cable  wi th  a minimum v e r t i c a l  
height above grade of 25 feet which can be provided by two l igh tweight  
por tab le  s tanchions .  The son ic  boom s i m u l a t i o n  t e c h n i q u e  d e s c r i b e d  i n  t h i s  
r epor t  i s  mobile and can be emplaced i n  any des i r ed  loca le .  
To summarize, the advantages of using detonable gas envelopes i n  simu- 
l a t i n g  s o n i c  boom environments are: 1) t h e  c a p a b i l i t y  t o  p r o d u c e  d i s t i n c t ,  
c l ea r ,  no i se - f r ee  p re s su re  wave shapes, 2 )  t h e  v a r i e t y  o f  p o s s i b l e  wave 
shapes,  3) s i t e  mobi l i ty ,  4) s a f e t y  and 5 )  economy. 
Recommendations 
The de tona t ions  of  gas- f i l l ed ,  s lender ,  shaped  ba l loons  of  the  par t icu lar  
geometry t e s t e d  i n  t h i s  p r o j e c t  y i e l d  an N-wave at moderate ranges from the 
source.  These bal loon detonat ions could be used direct ly  as p res su re  s igna l  
i n p u t s  t o  a number of  sonic  boom e f f e c t  s t u d i e s .  Response s t u d i e s  o f  
s t ruc tures  such  as ex i s t ing  bu i ld ings  and f u l l  s c a l e  b u i l d i n g  components, 
for example,  an exterior w a l l  specimen containing windows and window case- 
ments ,  can be readi ly  and inexpensively tes ted compared t o  o v e r f l i g h t  
t e s t ing .  S ince  the  ba l loons  can  be  f ab r i ca t ed  to  any d e s i r e d  s i z e  s c a l e ,  
model s tud ies  can  a l so  be  per formed.  Cer ta in  phys io logica l  tes t ing  might  
a l so  be considered as th i s  t echn ique  gene ra t e s  a s i g n a l  which does not 
have much high frequency noise superposed on t h e  s i g n a l ,  a c h a r a c t e r i s t i c  
similar t o  s o n i c  booms not  exhib i ted  by so l id  explos ive  s imula t ion .  
I n  o r d e r  t o  a l l o w  f o r  more v e r s a t i l i t y  o f  b a l l o o n  deployment i n  terms 
of  sonic  boom s t u d i e s  a t  pa r t i cu la r  geograph ica l  s i tes  and /o r  h igh  a l t i t ude  
tes t ing ,  severa l  a l te rna te  ba l loon  suspending  and  launching  sys tems have  
been  conceived. The experience  gained  during  the  subject  program  also 
al lowed for  the conceptual  evolut ion of  a detonable gas loading system 
which  conforms t o  t h e  gambit  of  requirements  for  an eff ic ient ,  safe ,  and 
versa t i le  gas  loading  sys tem.  
3 
PROGRAM RATIONALE AND PROCEDURE 
Nature of  the Sonic  Booms 
A d i s t i n c t i v e  p r e s s u r e  p a t t e r n  i s  gene ra t ed  by  a i r c ra f t  moving a t  speeds 
g rea t e r  t han  the  speed  o f  sound. A rotationally symmetric shock i s  generated 
from the front  end of  the craf t  and a second shock i s  genera ted  near  the  t a i l  
o f   t he   c r a f t .   (See   F igu re  1. Other  shocks may emanate  from  additional 
su r f ace  features o f  t h e  a i r c r a f t .  A t  p o i n t s  f a r  away f rom the  c ra f t  t he  
pressure- t ime his tory at  any p o i n t  i n  t h e  f l o w  f i e l d  t a k e s  on a c h a r a c t e r i s t i c  
shape.  (See  Figure 2. ) The f i r s t  shock wave genera tes  rap id  r ise  of p re s su re  
t o  a peak value, a f te r  which there  i s  an almost linear decay, always t o  
pressure  below  ambient. The second shock then follows, a f te r  which there i s  
a decay t o  ambient conditions.  
This  subject  s tudy i s  concerned with sonic booms genera ted  by  conven- 
t i o n a l  u s e  o f  s u p e r s o n i c  a i r c r a f t  i n  l e v e l  f l i g h t  a n d  t h e  s i m u l a t i o n  o f  t h e  
p r e s s u r e  p r o f i l e s  a t  ground Level.  For these conditions the magnitude of the 
f i rs t  shock i s  o f  t he  o rde r  of 4 p s f .  The p res su res  are d is t r ib . J ted  over  a 
region bounded by a hyperbola  which  represents  the  in te rsec t ion  of  a cone and 
a p l ane  pa ra l l e l  t o  t he  gene ra to r  o f  t he  cone .  
Conceptual Background 
The s implest  method for  generat ing sonic  booms i s  the  opera t ion  of  super -  
s o n i c  a i r c r a f t  at  f l igh t  condi t ions  which  w i l l  gene ra t e  the  appropr i a t e  d i s -  
turbance.  This  process i s  normally  expensive  and  the  effects  cover a l a r g e  
area. The fu l l - sca l e  gene ra t ion  i s  a l s o  l i m i t e d  t o  c u r r e n t l y  a v a i l a b l e  a i r -  
c r a f t  and by prevai l ing weather  condt t ions.  
Methods for s i m u l a t i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  i n  time and/or space 
on a smal le r  sca le  a l low for  weather  cont ingencies ,  des i red  overpressure ,  
du ra t ion ,  and wave shape. The undes i rab le  e f fec ts  of  d i s turb ing  whole  
i n h a b i t e d  a r e a s  d u r i n g  t e s t i n g  a r e  e l i ~ n a t e d .  Also, sonic  boom e f f e c t s  t h a t  
might be expected from as y e t  unflown and untested craf t  may be evaluated.  
The use o f  d i s t r ibu ted  exp los ives  to  gene ra t e  shock  waves i n  a i r  t o  
s i m u l a t e  t h e  p r e s s u r e  p r o f i l e s  e x p e c t e d  i n  a sonic  boom was demonstrated by 
Hawkins and Hicks.  ( ref .  2 , 3 ) .  They n o t e d  t h a t  t h e  p r e s s u r e  p r o f i l e  a l o n g  t h e  e x t e n -  
s ion  o f  t he  ax i s  o f  a l inear  s t r ing of  Pr imacord detonated from one end was 
i n  t h e  form of a pos i t i ve  p re s su re  pu l se  fo l lowed  at  some delay by a negat ive 
pu l se .  The a r r i v a l  o f  t h e  f i r s t  pressure pulse  corresponded to  an acoust ic  
pu lse  propagat ing  f rom the  near  end  of  the  explos ive  l ine ,  whi le  the  
beginning of the negative phase corresponded t o  a pulse  propagat ing from 
t h e  f a r  end.  Figure 3 shows a schematic  drawing  of  the  pressure  pulse 
obtained from de tona t ing  a s ingle  s t rand of  Pr imacord.  The observa t ion  poin t  
i s  a long  the  ex tens ion  of  the  axis of  the cord.  The durat ion between the 
p o s i t i v e  and negat ive pulses  i s  p r o p o r t i o n a l  t o  t h e  l e n g t h  of the  explos ive  
charge. Hawkins and  Hicks  suggested  superposing several uni form l ine  
charges  of  d i f fe ren t  lengths  and  weights  to  genera te  a p r e s s u r e  p r o f i l e  
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approximating that  expected in  a son ic  boom. Figure 4 shows schemat ica l ly  
t h e  s u p e r p o s i t i o n  p r o c e d u r e  t h a t  t h e y  u s e d  t o  c o n s t r u c t  a t y p i c a l  N-wave. 
Hawkins and Hicks constructed and detonated  mul t ip le  s t rand  weaves ,  
expe r imen ta l ly  r ea l i z ing  blast  prof i les  approximat ing  the  sonic  boom pu l se .  
There was a great deal of high-frequency "hash"; i .e. , small ampli tude noise ,  
superposed upon t h e  m a i n  s i g n a l .  I n  t h e i r  l a t e r  experiments,  closer agreement 
of t h e  main s i g n a l  t o  t h e  s o n i c  boom p r o f i l e  was obtained by modif icat ions of 
t he  ove ra l l  exp los ive  load ing  dens i ty  pe r  l i nea l  foo t  o f  t he  P r imacord  array. 
That detonable gas explosions can be used t o  g e n e r a t e  a i r  b l a s t  waves 
t h a t  w i l l  simulate t h e  b l a s t  from surface and h igh  a l t i t ude  nuc lea r  exp los ions  
has been demonskrated i n  a sequence of programs by Balcerzak (ref.  4) and 
associates .  Detonat ion of a propane-oxygen mixture i n  a 125 foot  hemispher ica l  
ba l loon  genera ted  an a i r  blast which  e f fec t ive ly  s imula ted  a h igh  y i e ld  
nuc lea r  su r face  bu r s t .  Also exper imenta l ly  s tud ied  w a s  a detonat ion of  a 
t e t h e r e d  methane-oxygen  sphere t o  s i m u l a t e  aerial bursts. Detonation of envelopes 
of  methane-oxygen i n  reduced atmospheric pressures were conducted i n   t h e  BRL 
s p h e r i c a l  b l a s t  chamber t o  s i m u l a t e  v e r y  h i g h  a l t i t u d e  n u c l e a r  b l a s t .  Com- 
p a r i s o n  o f  b l a s t  waves generated by gas explosives and solid chemical explosives 
was afforded for the progane hemisphere and tethered methane explosions.  I n  
these  conf igura t ions ,  the  a i r  b l a s t  gene ra t ed  by the gas  explosions had much 
less high-frequency noise  and the pressure prof i le  at  l a rge  d i s t ances  from t h e  
source  a t ta ined  the  same shape as  those generated by ei ther  HE or  nuc lear  
b l a s t s .  The p r o f i l e  i s  approximately described by a func t ion  o f  t he  form 
t - t  
where P ( x )  i s  the peak overpressure,  which i s  a func t ion  of  the  range ,  
i s  t h e  time o f  a r r i v a l  o f  t h e  b l a s t  f r o n t  , tl and t are parameters and 
l ( x )  i s  t h e  u n i t  s t e p  f u n c t i o n .  
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For moderate ranges of overpressures, the a i r  b l a s t  from the gas explo- 
s ions  and from HE have the same pressure prof i le  and ampli tude range behavior .  
This  suggested that  i f  a detonable  gas  mixture  could be dispersed in  a long ,  
approximately cylindrical  envelope, the ensuing detonation of t h i s  mixture 
could drive an air  shock which would have f e a t u r e s  similar t o  t h a t  o f  t h e  
sonic  boom. Var i a t ion  o f  t he  shape  o f  t he  p re s su re  p ro f i l e  cou ld  be  made by 
vary ing  the  d iameter  of  the  ba l loon  a long  i t s  length .  
The concept i s  i l l u s t r a t e d  i n  F i g u r e  5 .  Here a t h i n  p l a s t i c  e n v e l o p e  i n  
the shape of two t runcated cones joined at t h e i r  b a s e s  c o n t a i n  a detonable  
gas  mixture.  Primacord i s  placed  a long  the  axis   of   the   envelope.   Igni t ion  of  
the Primacord w i l l  cause the gas mixture t o  detonate ,  thus producing a time- 
dependent   pressure  f ie ld   in   the  external   a tmosphere.  The c h a r a c t e r i s t i c s  o f  
t h e  p r e s s u r e  p r o f i l e s  a r e  d i r e c t l y  r e l a t e d  t o  t h e  g e o m e t r i c a l  p r o p e r t i e s  o f  
t h e  p l a s t i c  e n v e l o p e  a n d  t h e  I n i t i a l  c o n d i t i o n s  o f  t h e  d e t o n a b l e  g a s  m i x t u r e .  
The pr inciple  advantages of  using detonable  gases  i n  s i m u l a t i n g  t h e  
sonic  boom environment are t h e i r   v e r s a t i l i t y  and  capabi l i ty  to  produce  
d i s t i n c t ,  c l e a r  p r e s s u r e  wave shapes. The detonat ion pressure can be v a r i e d  
b y  c o n t r o l l i n g  t h e  p a r t i c u l a r  c o n s t i t u e n t s  o f  t h e  d e t o n a b l e  g a s  m i x t u r e  o r  
t h e  re la t ive proport ion of  each gas  in the mixture .  By proper  des ign  of  the  
envelope which in i t i a l ly  conf ines  the  de tonab le  gas  mix tu re ,  t he  p re s su re  
h i s t o r y  o r  s igna tu re  may be t a i l o r e d  t o  whatever wave shape i s  des i red .  
Program Organization 
The overal l  program w a s  divided into four  main phases ,  each phase having 
def ini te  goals  and object ives .  These phases ,  br ief ly  mentioned previously,  
are  e laborated below.  
Phase I - Basic Properties of the Gas-Filled Balloon Detonation 
I n  t h i s  s e r i e s  o f  t e n  e x p e r i m e n t s ,  d e t o n a t i o n s  o f  g a s - f i l l e d  c y l i n d e r s  
were performed t o  o b t a i n  b a s i c  i n f o r m a t i o n  on the  quan t i t a t ive  and  qua l i t a -  
t ive  aspec ts  of  the  pressure  reg imes  and  exper imenta l  p rocedures .  Spec i f ica l ly  
1) de tona t ions  o f  cy l inde r s  w i th  l eng th  equa l  t o  d i ame te r ,  de tona ted  by  a 
s i n g l e  i g n i t e r ,  c e n t r a l l y  p l a c e d ;  2 )  detonat ions of  20' long  cy l inders  wi th  
varying  diameters  from 1' t o  3' having a Primacord strand t o  augment t h e  
detonat ion and igni ted at  the end of  the bal loon nearer  the microphone array;  
and 3) de tona t ions  of  50 '  and 100 '  long  ba l loons ,  d iameter  l', i g n i t e d  similar12 
t o  t h e  20' ba l loons  were performed. The purposes  of  these detonat ions were: 
1) t o  e s t a b l i s h  t h e  f i e l d  o p e r a t i o n a l  p r o c e d u r e ,  2 )  t o  determine the pressure-  
range character,  and 3 )  t o  e s t a b l i s h  t h e  e f f e c t  o f  L/D r a t i o  on the shape of  
t h e  p r e s s u r e  s i g n a l .  
Phase I1 - Effect  of  Igni t ion Placement  and Tether ing 
Ten detonat ions were performed t o  examine t h e  e f f e c t s  o f :  1) placement  of 
t he  de tona to r ,  2 )  presence of a de tona t ing  cord ,  3 )  type  of  ign i te r  and  
4) mode o f  t e the r ing  the  ba l loon  on the  p re s su re  s igna l .  A l l  b a l l o o n s  t e s t e d  i 1  
t h i s  phase  were 50'  long  and 1' i n  diameter.  Three  balloons were t e s t e d  w i t h  
gas alone the detonator being near the microphone array,  a t  t h e  c e n t e r ,  o r  a t  
t h e  far end.  Similar ly  two bal loons were tes ted with Primacord s t rands running 
the  l eng th  o f  t he  ba l loon ,  i gn i t i on  occur r ing  at  e i the r  end .  A four th  gas  only  
bal loon was detonated with a d i f f e r e n t  l o a d  p a t c h  s p a c i n g ,  t h i s  b e i n g  done t o  
examine t h e  e f f e c t s  o f  t e t h e r i n g .  I n  add i t ion ,  ba l loons  were i g n i t e d  w i t h  
e i t h e r  match squibs or a Primacord augmented de tona tor  t o  i n v e s t i g a t e  t h e  
e f f e c t  o f  i n i t i a t i o n  mode on the subsequent  detonat ion.  A f i n a l  b a l l o o n  
configurat ion used Pyrocore instead of  Pr imacord to  dr ive the detonat ion.  
Phase I11 - Effect of Balloon Shape 
Ten 30' l ong  ba l loons  o f  va r ious  shapes  were  t e s t ed  in  th i s  phase  us ing  
a s i n g l e  method o f  i gn i t i on .  The method of ignit ion was chosen from considera- 
t i o n s  o f  t h e  r e s u l t s  o f  t h e  p r e v i o u s  t e s t  s e r i e s .  Optimum detonations  were 
obtained when they had a Primacord strand along the axis and were detonated 
from t h e  microphone end of the balloon. The shapes included truncated cones 
and composite cylinder-cone structures. 
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Gas-e I V  - N-Wave Synthes is  
The resu l t s  of  Phases  I ,  I1 and I11 were u t i l i z e d  t o  d e s i g n  a ba l loon  
whose de tona t ion  will y i e l d  an N-wave. Five bal loons , with similar shapes,  
ranging  in  length  f rom 30' t o  601 were  constructed.  One 30' long  ba l loon ,  
a v a r i a n t  i n  d e t a i l ,  was  also cons t ruc ted .  Addi t iona l  ba l loons ,  fabr ica ted  
t o  match the  explos ive  dens i ty  of t h e  Hawkins-Hicks ( r e f .  3) experiment were 
a lso t e s t e d .  
Appendix I1 conta ins  de ta i led  descr ip t ions  of a l l  t h e  b a l l o o n s  t e s t e d  
under  these four  ser ies .  
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EXPERIMENTAL  TECHNIQUE 
Descr ip t ion  
Figure 6 p resen t s  a p i c t o r i a l  i l l u s t r a t i o n  o f  t h e  tes t  s i t e  employed 
during the program. Suspension of a balloon envelope was accomplished by 
a t tach ing  the  ba l loon  to  the  ca tenary  cable ,  which  w a s  suspended from  two 
towers , wi th  ny lon  co rds .  Pos i t i on  s t ab i l i za t ion  o f  t he  ba l loon  was provided 
by  nylon  cord  te ther ing  l ines  a t tached  to  the  ba l loons  and  ground stakes. 
The catenary cable could be raised and lowered by hand. 
The gas  loading system consis ted of  an array of  gas  cyl inders  with 
a s soc ia t ed  f low con t ro l  va lves  and pipes  loca ted  near  the  ba l loon  envelope .  
Remote control  operat ion of  the gas  loading system w a s  provided through a 
c a b l e  a t t a c h e d  t o  c o n t r o l  a p p a r a t u s  l o c a t e d  i n  t h e  v i c i n i t y  o f  a n  i n s t r u m e n -  
t a t i o n  t r a i l e r  which a l s o  p r o v i d e d  t h e  r e q u i s i t e  e l e c t r i c a l  power sources .  
The pressure t ransducer  system consis ts  of  s ix  high performance micro-  
phones. The microphones,   identical  at each sect ion of  the array,  had a f l a t  
response up t o  8 ki lohertz  in  the overpressure range measured (1 t o  60 psf  
maximum). One microphone was placed 200 fee t  from the  ba l loon  cen te r  a long  
a l i n e  normal t o  t h e  a x i s  o f  the  ba l loon .  The remaining  five  microphones 
were aligned along a g r o u n d  l i n e  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  
specimen, nominally, 200 f e e t ,  350 f e e t ,  and 500 f e e t  from the  ba l loon  cen te r .  
The plan views of  the microphone array used in  the four  experimental  tes t  
s e r i e s  are shown i n  F i g u r e s  7 through 10 .  A l l  of  the  microphones  were 
cable connected t o  automatic magnetic tape recording and paper reproducing 
sys tems loca ted  in  the  ins t rumenta t ion  t ra i ler .  
Two Fastex motion picture cameras were loca ted  200 f e e t  from the center 
of the balloon along a l i n e  normal t o  t h e  specimen longi tudinal  axis .  The 
cameras were operated at  4000 frames  per  second. The photographs were i n  
color and black/white.  
The de tona t ion  ign i t ion  sys tem cons is ted  of  an  ign i t ion  device ,  such  as  
an e l e c t r i c a l  d e t o n a t o r ,  t y p i c a l l y  a n  EB-106, wired by a f i r i n g  c a b l e  t o  a 
f i r i n g  programmer l o c a t e d  i n  t h e  i n s t r u m e n t a t i o n  t r a i l e r .  An arming c i r c u i t  
provided the requis i te  margin of  safety against  accidental  or inadver ten t  
f i r i n g .  
Details of  ba l loon  cons t ruc t ion ,  employed gas loading systems, and 
ins t rumenta t ion  are p r e s e n t e d  i n  Appendix I. 
Procedure 
Figure 6 s u c c i n c t l y  i l l u s t r a t e s  t h e  c a t e n a r y  method of bal loon suspension,  
the  d iscuss ion  tha t  fo l lows  presents  the  procedure  used  in  the  f ie ld  for  
prepar ing  the  ba l loon  and  documents procedures which field experience has 
shown t o  be  bes t .  
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The f i rs t  s t age  i n  the sequence leading up t o  t h e  d e t o n a t i o n  i s  t h e  
p rope r  pos i t i on ing  o f  t he  ba l loon .  The c a t e n a x y  a n d  v e r t i c a l  t e t h e r  l i n e s  
must be attached and posit ioned properly.  The l o c a t i o n  on t h e  c a t e n a r y  
cab le  fo r  each  t e the r ing  l i n e  to  the  co r re spond ing  load  pa tch  on t h e  b a l l o o n  
is  es t ab l i shed .  The gas  loading and pressure monitor ing tubes are a t t ached  
t o  t h e  c a t e n a r y ,  as are the  ver t ica l  ny lon  te ther ing  cord6 ,  which  are c u t  t o  
the  appropr i a t e  l eng ths .  The r ema in ing  t e the r ing  l i nes  are a t t ached  to  anchor s  
emplaced in  the  g round .  
Once the  ca tenary  cable  i s  ad jus t ed  and t h e  v e r t i c a l  t e t h e r i n g  l i n e s  
a t t a c h e d  t o  t h e  c a b l e ,  t h e  n e x t  s t e p  i s  the at tachment  and suspension of 
t he  ba l loon .  The catenary cable  i s  lowered and the def la ted bal loon i s  unfolded 
upon a canvas ground cover.  Electrical  ground connections are a t t a c h e d  t o  
the metal l ized mylar  condui t  a t  both ends of the envelope, this being done t o  
p reven t  acc iden ta l  p rema tu re  de tona t ion  by  the  d i scha rge  o f  s t a t i c  e l ec t r i c i ty  
which could build up on the  ba l loon  su r face .  A Pr imacord  s t rand  of  suf f ic ien t  
l eng th  i s  cut and attached t o  a length of nylon cord. This cord, which i s  
already strung through the conductive mylar condui t ,  i s  then pul led through 
unt i l  the  Primacord replaces  the nylon cord within the envelope.  Tubing i s  
a t t ached  to  the  enve lope  load ing  duc t  on the  ba l loon  and  the  ba l loon  i s  sea led .  
The other  end of t h e  t u b i n g  l e a d s  t o  t h e  g a s  c y l i n d e r s .  The de tona tor  i s  taped 
t o  t h e  Primacord and a l s o  t o  t h e  c a t e n a r y  c a b l e ,  t h i s  la t ter  procedure f o r  
s t r u c t u r a l  s e c u r i t y .  The t e t h e r i n g  l i n e s  are a t t ached  to  the  enve lope  and t h e  
catenary cable  i s  r a i s e d  i n t o  f i r i n g  p o s i t i o n .  
The detonable gas mixture i s  i n j e c t e d  i n t o  t h e  b a l l o o n  form precharged 
cy l inders  of methane and oxygen.  Both  gases are loaded  s imultaneously,   to  
insure proper  mixing of  the gases .  When t h e  b a l l o o n  f i l l i n g  i s  complete, 
t he  cy l inde r  va lves  are c losed  by remote con t ro l .  
During the time p e r i o d  t h a t  the catenary and balloon were prepared  the  
ins t rumenta t ion  sys tem for  in i t ia t ing  and  record ing  the  event  w a s  prepared.  
The p r e p a r a t i o n  i n c l u d e d  s t a t i c  c a l i b r a t i o n  of the microphones,  readying the 
Ampex tape recorder ,  loading and posi t ioning the Fastex cameras ,  and readying 
the  t iming  and f i r i n g  programmer. The l a t t e r  i s  an e l e c t r i c a l  d e v i c e  which 
ac tua te s  the  recording and photographic  systems before  the ini t ia t ion of  the 
even t  and  in i t i a t e s  t he  even t .  
Immedia te ly  a f te r  the  event  t he  recorded s ignals  were reproduced from 
the  magnet ic  tape  on paper  records,  the paper  records subsequent ly  used in  
da t a   r educ t ion .  
Spec ia l  Cons idera t ions  
Three facets  of  experimentat ion are of great consequence, namely, instal-  
l a t i o n  of t he  de tona t ing  co rd  such  tha t  upon b a l l o o n  i n f l a t i o n  t h e  c o r d  
a l i g n s  i t s e l f  a l o n g  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  b a l l o o n ,  o v e r p r e s s u r e  i n  
the  ba l loon  such  tha t  it takes the desired designed shape, and wind response 
o f  t he  un in f l a t ed  and  in f l a t ed  ba l loon .  The n a r r a t i v e  t h a t  f o l l o w s  p r e s e n t s  
t h e  recommendations as t o  these th ree  expe r imen ta l  f ace t s  as obtained from 
program f i e l d  e x p e r i e n c e .  
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Detona t ing  co rd  in s t a l l a t ion .  - A most  important  detai l  of  an experiment  
per formed wi th  the  subjec t  s imula t ion  technique  i s  i n s t a l l a t i o n  o f  t h e  d e t o n a t i n g  
cord  such  tha t  upon b a l l o o n  i n f l a t i o n  t h e  c o r d  a l i g n s  i t s e l f  a long  the  long i -  
t u d i n a l  axis of  the bal loon without  sagging.  Photographic  coverage of  the 
subject  experiments  has  shown t h a t  when the  co rd  does  a l ign  i t s e l f  a long  the  
axis the  de tona t ion  wave f r o n t  takes t h e  c l a s s i c a l  wedge shape ,  bu t  when t h e  
cord sags,  the produced wave f r o n t  i s  somewhat non-symmetrical.  Figure 11 
i l l u s t r a t e s  a p a r t i c u l a r l y  p o o r  c o r d  i n s t a l l a t i o n  i n  t h a t  t h e  c o r d  l i e s  on 
the  bo t tom o f  the  in f l a t ed  ba l loon .  
Early in  the sequence of  experimentat ion the problem of  "detonat ing-cord 
sag" became apparent .  The i n i t i a l  s o l u t i o n  was t o  t a p e  t h e  c o r d  t o  t h e  
bal loon nozzle  at  one end. Then holding the taped end, attempt t o  p u l l  t h e  
co rd  t au t  wh i l e  s imul t aneous ly  pu l l ing  the  ba l loon ,  and  a t t empt  to  ex tend  it t o  
f u l l  l e n g t h ,  and while  maintaining the tautness  of  both the cord and the bal loon,  
tape  the  cord  to  the  remain ing  ba l loon  nozz le .  This  procedure  proved  of  l imi ted  
success .  A var ia t ion  of  the  procedure  was t r i e d  i n  t h a t  i n s t e a d  o f  a t t e m p t i n g  
t o  e x t e n d  t h e  b a l l o o n  t o  f u l l  l e n g t h ,  t h e  b a l l o o n  was ga thered  wi th  s lack  
a long  the  l eng th  and  then  t aped  to  the  t au t  co rd  at  the second bal loon nozzle ,  
i. e . ,  s a y  t h e  b a l l o o n  b e i n g  t e s t e d  i s  50 f ee t  long ,  tape  both  ba l loon  nozz les  
a t  a d is tance  of  49'8" along the cord such that  upon i n f l a t i o n  t h e  b a l l o o n  
i t s e l f  would elongate  the cord thereby causing a s l i g h t  t e n s i o n  i n  t h e  c o r d  
which causes the alignment of ',he cord along the bal loon axis with minimal 
sag  between  the  inter ior   condui t   supports .   This   procedure  funct ioned satis- 
f ac to r i ly  wi th  long ,  s l ende r  ba l loons ,  however ,  for shor t ,  s tocky  ba l loons  
proved  inef fec t ive .  
A t h i r d  p r o c e d u r e  f o r  c o r d  i n s t a l l a t i o n  was implemented f o r  SBS-111 and 
112 which were shor t ,  s tocky  ba l loons .  The procedure i s  e s s e n t i a l l y  t h e  
var ia t iona l  procedure  descr ibed  except  tha t  a f te r  threading the cord through 
the condui t  and taping the cord to  one nozzle ,  the bal loon i s  l i f t e d  f i v e  
f e e t  above grade and the cord pulled by hand wi th  suf f ic ien t  tens ion  such  tha t  
it i s  t a u t  and  then  taped  to  the  ba l loon  a t  the  second nozz le ,  the  ba l loon  
aga in  s lack  a long  the  length  by 4 inches as previously descr ibed.  This  
procedure,was successful and although somewhat more time consuming i s  t h e  
procedure that  should be fol lowed i n  subsequent  tes t ing.  
I n f l a t a b i l i t y .  - During the course of  the program, bal loons were inf la ted 
with gauge overpressures varying from a minimum o f  3 i n c h e s  t o  a maximum of 
9 inches of water. Overpressures  of 3 inches  proved  unsa t i s fac tory  s ince  
balloon  shapes were extremely  poor;   for   example,  SBS-74 and SBS-75. Over- 
pressures  of  5 inches proved marginal for uncomplicated shapes and in the case 
o f  complicated composite shapes,  such as the tr i-diameter cylinder of SBS-96, 
proved unsat isfactory.  Overpressures  greater  or e q u a l  t o  7 inches  proved 
sat isfactory even for  complicated composi te  shapes,  consequent ly  it i s  
recommended t h a t ,  h e n c e f o r t h ,  a l l  ba l loons  be  p re s su r i zed  to  8 inches of 
water gauge. 
An addi t iona l  advantage  accrues  f rom pressur iz ing  to  8 inches with regard 
to  de tona t ing  cord tau tness .   F ie ld   exper ience   has  shown tha t  ove rp res su res  
less than  5 inches do no t  p re s su r i ze  the  ba l loon  su f f i c i en t ly  t o  cause tensioning 
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of  the cord.  Consequent ly ,  the cord has  unacceptable  sag in  between the 
condui t  supports .  However, f i e ld  obse rva t ion  o f  ba l loons  p re s su r i zed  to  
8 inches  provides  exce l len t  cord  pos i t ion ing .  Dur ing  the  inf la t ion  process  
it has  been  observed  tha t  the  cord  in i t ia l ly  sags  badly  in  be tween the  
condui t   supports .  Such sagging  cont inues  to  an  overpressure  of 5 inches.  
When the overpressure approaches 6 inches  the  cord  ins tan taneous ly  snaps  
i n t o  a p o s i t i o n  c o i n c i d e n t  w i t h  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  b a l l o o n .  
Cont inued  pressur iza t ion  to  8 i n c h e s  t e n s i o n s  t h e  c o r d  t e n d i n g  t o  a l l e v i a t e  
any l o c a l  s a g s  which the cord might have. 
Wind response.  - A var ie ty  of  te ther ing  spac ings  were used during the 
course  of  the  program.  Severa l  ba l loons  were  tes ted  in  h igh  ve loc i ty ,  gus ty  
wind conditions;  SBS-88 and 89 are typical .  Both bal loons were cyl inders ,  
1 foot  in  d iameter  and  50 f ee t  l ong .  SBS-88 h a d  f i v e  t e t h e r s  a t  a 12 .5  foot  
spacing while SBS-79 h a d  t h r e e  t e t h e r s  a t  a 25 foot  spacing.  The bal loons 
were tes ted within an hour  with high gust ing winds peaking a t  approximately 
25 knots.  
With bo th  ba l loons  in  pos i t i on ,  bu t  un in f l a t ed ,  some  20 f e e t  above grade 
l e v e l ,  t h e  winds v i o l e n t l y  whipped the  envelope  about. However, both  envelopes 
sus t a ined  no damage and i n f l a t e d  w e l l .  Upon comple t ion  o f  i n f l a t ion ,  bo th  to  
gauge overpressures of 3 inches of  water ,  SBS-88 with the 12.5 foot  spacing 
ma in ta ined  accep tab le  s t ab i l i t y ;  however, SBS-89 w i t h  t h e  25 foot  spac ing ,  
o s c i l l a t e d  v i o l e n t l y  i n  a v i b r a t i o n a l  mode shape with nodes at  the  ba l loon  
qua r t e r  po in t s .  The maximum nodal  displacement was approximately 1 . 5  f e e t .  
The shot  had to  be delayed until the  wind d i s s ipa t ed .  
Both balloons , however, i n f l a t e d  t o  good cy l indr ica l  shapes .  SBS-88 
o s c i l l a t e d  as a r i g i d  body, while SBS-89 o s c i l l a t e d  i n  a beam  mode shape, 
lead ing  observers  to  conclude  tha t  when t e s t i n g  i n  h i g h  wind s t a t e s  s p a c i n g s  
should be 1 0  f ee t ,  wh i l e  fo r  cond i t ions  o f  mi ld  bu t  gus t ing  winds ,  25 foot  
spacings w i l l  c ause  f l exura l  o sc i l l a t ions  o f  t he  ba l loon .  
The experience obtained from SBS-88 and SBS-89 was inco rpora t ed  in  Tes t  
Se r i e s  I11 and I V  by l i m i t i n g  t e t h e r  s p a c i n g s  t o  a m a x i m u m  of 1 5  f e e t .  Deploy- 
ment of  Test  Ser ies  I11 and I V  ba l loons ,  severa l  in  h igh  gus t ing  winds ,  p re-  
v e n t e d  f l e x u r a l  o s c i l l a t i o n s  of the  ba l loons  from occurr ing  wi th  exce l len t  
un in f l a t ed  and i n f l a t e d  b a l l o o n  s t a b i l i t y .  
Typical Detonation 
The de tona t ion  and  re la ted  phenomena f o r  a typ ica l  exper imenta l  run  a re  
shown i n  some d e t a i l  i n  t h i s  s e c t i o n .  T h i r t y - e i g h t  g a s - f i l l e d  b a l l o o n s  were 
de tona ted  dur ing  the  course  of t h i s  p r o j e c t  and the physical  sequences in  a l l  
successfu l  de tona t ions  were  essent ia l ly  similar i n  t h e i r  g r o s s  f e a t u r e s .  The 
r e f i n e d  d e t a i l s ,  s u c h  as the  exac t  shape  o f  t he  p re s su re  p ro f i l e  fo r  d i s t an t  
s t a t i o n s ,  of course  varied  from  experiment  to  experiment.  The d i f f e rences  
i n  t h e  p r e s s u r e  p r o f i l e s ,  t h e i r  d i s c r i m i n a t i o n  and con t ro l  a r e  d i scussed  in  
l a t e r   pa rag raphs .  
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The de tona t ion  se l ec t ed  for de ta i l ed  expos i t i on  i s  SBS-76, a 1' x 20' 
cyl inder ,  detonated a t  the end near the main microphone array.  The de tona t ion  
i s  augmented b y  a s i n g l e  s t r a n d  of Primacord, centered on the  ax i s  o f  symmetry 
of  the bal loon and running the length of  the bal loon.  The ba l loon  was f i l l e d  
with methane and oxygen, with a composition of 1.5 moles of oxygen t o  e a c h  
mole of  methane. The excess  pressure of  the contained mixture  over  the ambient  
pressure  was 5 inches of  water .  The volume of  the bal loon was 15.7 cubic  fee t  
and the gas  mixture  contained i s  e n e r g e t i c a l l y  e q u i v a l e n t  t o  1.65 pounds of 
TNT. The ba l loon  was e s s e n t i a l l y  r i g i d  a t  t h e  i n i t i a l  o v e r p r e s s u r e .  The 
shape of t h e  b a l l o o n  m a i n t a i n e d  p r i o r  t o  t h e  d e t o n a t i o n  d e p a r t e d  s l i g h t l y  from 
t h e  i d e a l  as t h e r e  was a s l igh t  k ink  in  the  center ,  caused  by  te ther ing  the  
cen te r   t oo   h igh .  The misalignment of t h e  two c y l i n d r i c a l  a x e s  was 5 " .  The 
cen te r  of t he  ba l loon  was 20' from the ground. 
Figure 12 shows the  p ic tor ia l  sequence  of  the  de tona t ion  as recorded by 
a Fastex  camera. The f raming  ra te  was .25 msec/frame  and the  sequence shown 
c o v e r s  t h e  f i r s t  13 msec of t he  de tona t ion .  The progression of  the detonat ion 
f ron t ,  exc i t ed  by  the  de tona t ion  of the Primacord strand i s  shown i n  t h e  f i r s t  
f ive frames. The l a t e r  frames show the  matur ing  and  decay  of  the  f i reba l l .  
A plot  of the growth and decay of t h e  f i r e b a l l  i s  shown i n  F i g u r e  13. 
The abscissa  represents  posi t ion along the cyl inder  measured from the igni t ion 
end whi le  the  ord ina te  represents  t ime in  mi l l i seconds .  The f i r e b a l l  i s  
composed of two regions,  an intensely luminous region which contains hot,  
burnt  gas  mixtures  and a l e s s  luminous region created when these gas rnixtures- 
c o o l ,  t h e  r e g i o n s  d i f f e r e n t i a t e d  b y  v i s u a l  i n s p e c t i o n  of the detonat ion photo-  
graphs. Two i r r e g u l a r  l i n e s  a r e  shown, the  so l id  l i ne  r ep resen t s  t he  boundary  
separa t ing  the  in tense ly  luminous  and  less  lminous  a reas  whi le  the  dashed  
l ine  represents  the  boundary  separa t ing  the  less  luminous  f rom the  c lear  a reas .  
I f  the  e f fec ts  of  thermal  conduct ion  a re  ignored  the  in tense ly  lun imous  reg ions  
denote  h igh  pressure  burn t  gas  which  c rea tes  and  dr ives  the  fa r - f ie ld  pressure  
s igna ture .  The double  dashed  l ine  represents  the  ra te  of  Pr imacord  ign i t ion .  
A t  a n y  p o s i t i o n ,  t h e  f i r e b a l l  s tar ts  when the Primacord detonation wave passes .  
A t  the  microphone  end  there i s  a s p h e r i c a l  f i r e b a l l .  The f i r e b a l l  f i r s t  l o s e s  
i n t e n s i t y  a t  the  s ing le  in t e rmed ia t e  t e the r ing .  Then t h e  s p h e r i c a l  f i r e b a l l  
separates   f rom  the  longer   cyl indrical ly   shaped  port ions of spent  gases.  The 
terminat ion of  the peaks of t h e  i n t e n s e  f i r e b a l l  a p p e a r s  t o  p r o p a g a t e  from 
the tower end of t he  ba l loon  a t  a v e l o c i t y  of 1400 f t /sec,  which i s  s l i g h t l y  
in  excess  of the ambient sound velocity.  
Figure 14 i l l u s t r a t e s  t h e  t i m e - d i s p l a c e m e n t  h i s t o r y  o f  t h e  f i r e b a l l  i n  
t h e  r a d i a l  a n d  a x i a l  d i r e c t i o n s  f o r  t h e  n e a r  a n d  far ends of the specimen, 
the near end being that end a t  which the detonator i s  l o c a t e d  w h i l e  t h e  far 
end tha t  oppos i t e  t he  de tona to r  l oca t ion .  The t h e o r e t i c a l  f i r e b a l l v e l o c i t y ,  
shown i n  t h e  f i g u r e  as a dashed l ine,  i s  the  contac t  sur face  ve loc i ty  be tween 
t h e  a i r  and the burnt  gas  res idue of  the detonable  gas  mixture  evaluated a t  
the  o r ig ina l  con tac t  su r f ace .  
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Figure 15 shows t h e  p r e s s u r e  h i s t o r i e s  a t  the  six  microphones.  The 
microphone  designated as A i s  p l a c e d  190' l a t e r a l l y  from t h e  a x i s .  B, C, 
D and F a r e  i n  t h e  v e r t i c a l  p l a n e  c o n t a i n i n g  t h e  a x i s ,  a n d  200' ,  200 ' ,  350' 
and 500' from the  center  of  the  ba l loon .  All microphones are a t  ground 
l e v e l ,  20' below the horizontal  plane containing the bal loon axis .  Table  I 
shows the peak overpressures  and the t ime durat ion data  obtained for  this  
experiment. Figure 16 i l l u s t r a t e s  t he  pa rame te r s  de f in ing  an  N-wave as used 





















PEAK  OVERPRESSURE AND TIME DURATION  DATA FOR SBS 76 
POSITIVE NEGATIVE 
ARRIVAL** POSITIVE  POSITIVE NEGATIVE  NEGATIVE  PE K  PEAK
TIME RISE TIME DECAY TIME DECAY TIME RISE TIME PRESSURE  P SSURE 
t a  t 2  t3 t4 'positive  'negative 
196 1.5 7.5 13 12.5 6.34  2.66 
196 2 7 13 12.5 9.10 3.75 
326 2.5 7.5 13 12.5 4.62 2.06 
326 2-  5 7.5 13 12.5 5.14 2.18 
455 3 7 14 12 3.11 1.46 
* See Figure 7 f o r  placement of microphone array. 
** See Figure 16 f o r  d e f i n i t i o n  of parameters  descr ibing the N-wave. 
N-WAVE SYNTHESIS 
Pert inent  Experimental  Data 
The exper imenta l  s tud ies  of  the  f i r s t  three phases  were designect to  
obta in  informat ion  on seve ra l  a spec t s  o f  t he  de tona t ions  and  the  f a r - f i e ld  
pressure s i g n a l s .  To reiterate, t h e  f i r s t  phase of experimentat ion was t o  
obta in  bas ic  in format ion  on  de tona t ion  of  gas- f i l l ed  cy l inders .  The second 
phase was t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  of p o s i t i o n i n g  t h e  i g n i t i o n  
dev ice  and  the  e f f ec t s  of d r iv ing  the  de tona t ion  a long  the  l eng th  of t he  
cyl inder  with detonat ing cord.  A t  t h e  same time, e f f e c t s  of  te ther ing and 
other miscellany were also examined. The th i rd  phase  inves t iga t ed  ba l loons  
wi th  d i f f e ren t  shapes  and  the  a t t endan t  f a r - f i e ld  p re s su re  s igna l s ,  The 
fourth phase was the  f ab r i ca t ion  o f  a balloon which, when detonated, would 
genera te  an  N-wave. The expe r imen ta l  r e su l t s  o f  t he  f i r s t  three phases  are 
d i s c u s s e d  i n  t h i s  s e c t i o n .  The next  sect ion w i l l  show t h e  u t i l i z a t i o n  of 
t h i s  material t o  design a shaped balloon whose de tona t ion  w i l l  result  i n  a n  
N-wave 
All t h e  d e t o n a t i o n s  c a r r i e d  o u t  i n  a l l  s e r i e s  of the program were in 
methane-oxygen gas  mixtures  a t  a nominal i n i t i a l  p r e s s u r e  of one atmosphere 
and a t  ambient temperature. The a c t u a l  i n i t i a l  p r e s s u r e s  a t  which the gas 
mixture was ma in ta ined  p r io r  t o  de tona t ion  exceeded  th i s  nomina l  va lue  s l i gh t ly  
f o r  i n c r e a s e d  s t a b i l i t y  of the  ba l loon  conf igura t ion .  The chemical  composi- 
t i o n  of the detonable gas mixture was methane and oxygen, wi th  a molar r a t i o  
of 02 t o  CH4 of 1 . 5  i n  t h e  f i r s t  two t e s t  se r i e s  and  o f  2 f o r  t h e  l a s t  two 
t e s t  ser ies .  Theoretical   detonation  parameters  for  methane-oxygen  mixtures 
a t  var ious composi t ions,  ini t ia l  pressures  and temperatures  can be computed 
by  the  methods  presented  by Lewis and Von E lbe .   ( r e f .  5) For an i n i t i a l  
p re s su re  one  atmosphere,  an i n i t i a l  t e m p e r a t u r e  of 300'K (81.60~) and 02/CH4= 
1.5, the  de tona t ion  pressure  (Chapman-Joguet p re s su re )  i s  451.1 p s i  or 30.70 
t imes  the  i n i t i a l  p ressure .  The de tona t ion  ve loc i ty  i s  es t imated  a t  8410 
f t / s e c .  I n i t i a l  d e n s i t y  of the  mixture  i s  0.0693 lbs /cu .  f t .  The parameters 
f o r  O2/CH4 = 2.00 are: 1) t he  de tona t ion  p res su re  equa l s  423.3 p s i ,  2 )  t h e  
p r e s s u r e  r a t i o  i s  28.78, 3) t he  de tona t ion  ve loc i ty  i s  7970 f t / sec  and  4) t h e  
i n i t i a l  m i x t u r e  d e n s i t y  i s  0.0676 lbs /cu .  f t .  Within the ranges of temperature,  
ini t ia l  pressures  and actual  loading composi t ions experienced during this  program, 
v a s i a t i o n  of the  de tona t ion  pressure ,  de tona t ion  ve loc i ty  and  energy  re lease  i s  
q u i t e  small, i . e  , of  the order  of  1% o r  l ess .  
The peak overpressure and negative peak overpressure versus range data,  
obtained for  each shot  and for  selected groups of detonat ions,  i s  exh ib i t ed  
i n  an expression of t h e  form 
P = K Rn Dm 
where K, n and m are cons tan ts .  For the peak overpressures ,  D refers t o  t h e  
diameter  of  the bal loon a t  the  end  nearer  the  microphone  ar ray ,  whi le  for  
the  nega t ive  peak  overpressures  it denotes the diameter of the end away from 
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t h e  array. When these  d iameters  a re  d i f fe ren t ,  the  former  i s  denoted  by 
Dl and t h e  l a t t e r  by D . For t h e  peak overpressure data ,  R i s  t h e  d i s t a n c e  
from t h e  near end  of  tge  ba l loon  to  the  microphone  ar ray ,  and  for  the  
negative peak overpressures,  it denotes  the  d is tance  f rom the  far end, 
which i s  e q u a l  t o  R + L. The cons tan ts  K ,  n ,  and m are determined by a 
least squares f i t  t o  t h e  l o g a r i t h m i c  form of  equat ion ( 2 ) .  
1 n P  = l n K + n l n R + m l n D  (3) 
assuming t h a t  all the  exper imenta l  e r ror  i s  i n  t h e  measurement  of  P. The 
measurement of balloon diameter and microphone posit ion relative to the 
bal loon was accomplished with much grea te r  accuracy  than  the  pressure  
measurements. 
The to ta l  o f  the  overpressure- range  da ta  i s  qui te  ex tens ive  and  ind is -  
c r i m i n a t e  p l o t t i n g  of  the  da ta  does  not  readi ly  y ie ld  informat ion  about  the  
overpressure  decay. To i l l u s t r a t e  t h i s  p o i n t ,  t h e  peak  overpressure  versus 
range  da ta  for  a l l  cy l ind r i ca l  ba l loon  de tona t ions  in  a l l  phases i s  shown 
i n  F i g u r e  17. R a t h e r  t h a n  t r y i n g  t o  make a de f in i t i ve  s t a t emen t  abou t  t he  
f i t   t o   t h e  composite of the data a t  th i s  t ime ,  t he  ana lys i s  o f  t he  da t a  w i l l  
f o l low the  ou t l ine  g iven  by the  var ious  phases .  
Appendix I1 con ta ins  the  de t a i l s  o f  t he  expe r imen ta l  r e su l t s  on a l l  
phases  of  the  program. The spec i f i ca t ions  o f  a l l  bal loon shapes and tes t  
condi t ions  a re  recorded  there .  Tabular  l i s t ing  of the peak overpressures ,  
negative  peak  overpressures  and t h e  dura t ions  are p resen ted .  F ina l ly ,  t he  
pressure- t ime his tor ies  measured at  a l l  s t a t i o n s  f o r  a l l  the  de tona t ions  
a re  graphica l ly  d isp layed  (F igures  68-112). 
P rope r t i e s  o f  t he  p re s su re  p ro f i l e s .  - The p res su re  s igna l s  a t  t h e  f a r -  
f i e ld  pos i t i ons  have  a t y p i c a l  p r o f i l e  as descr ibed  previous ly .  The pressure-  
range  behavior  and  the  dura t ion  da ta  for  severa l  cy l inder  de tona t ions  w i l l  be 
examined i n  some d e t a i l .  
The f i rs t  p a r t  of t he  Tes t  Se r i e s  I s e t  of experiments was the determina- 
t i o n  of the response of t he  cy l inde r s  f i l l ed  wi th  gas  on ly .  Ign i t i on  o f  t hese  
cy l inders  was e f f e c t e d  by a s ingle  8-gra in  de tona tor  loca ted  in  the  center .  
Figure 18 shows the experimental  observat ions of overpressure versus reduced 
r a n g e  ( i . e . ,  R / D )  f o r  t hese  th ree  de tona t ions  (SBS-73, 74 and 7 5 ) ,  while 
Figure 19 shows the experimentally determined negative peak overpressure.  
Also i n c l u d e d  i n  t h e s e  two graphs i s  t h e  d a t a  f o r  t h e  d e t o n a t i o n  of a 1' x 50' 
c y l i n d e r  f i l l e d  w i t h  a gas mixture only and ignited by the  same type detonator  
placed 4 f e e t  from the end of the balloon away from t h e  microphone array (SBS- 
86). Inc lus ion  of  th i s  shot  for  these  peak  overpressure  versus  . range  curves  
was done because  the  in te rac t ion  of  the  i n i t i a l  detonat ion wave with the end 
of the balloon near the microphone has the same s t r u c t u r e  f o r  t h i s  c a s e  as 
f o r  t h e  o t h e r  t h r e e .  A similar reason i s  invoked for i t s  i n c l u s i o n  i n  t h e  
presentation  and a n a l y s i s  of  the  negative  peak  overpressure  data.  The 
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f i t  t o  a l l  four  shots  for  the  peak  overpressure  i s ,  i n  t h e  c a s e  where t h e  
independent  var iable  i s  cons t ra ined  t o  be R/D, 
The s lope  fo r  t he  ind iv idua l  de tona t ions  r anges  from -1.15 t o  -1.39 with 
a mean of -1.25. If we consider  R and D as independent  var iables  , t h e  f i t  i s  
P = 5250 D 1.00 R-1.22 PSf ( 5 )  
The sp read  o f  t h i s  da t a  ind ica t e s  l i t t l e  p re fe rence  be tween  forms ( 4 )  and 
( 5 ) .  S ince  the  former  sa t i s f ies  e lementary  sca l ing  cons idera t ions  , based on 
g e o m e t r i c a l  s i m i l a r i t y ,  t h i s  form w i l l  be  prefer red .  
The negative peak overpressure was a n a l y z e d  s i m i l a r l y ,  w i t h  t h e  r e s u l t i n g  
approximations 
Detonations of cylinders,  whose detonat ion i s  driven by a Primacord strand 
running the length of  the cyl inder  and which a r e  i g n i t e d  i n i t i a l l y  n e a r  t h e  
microphone end, form another set whose overpressure  da ta  should  be  d i rec t ly  
comparable. Shots from Test Series I ,  I1 and I11 f a l l  i n t o  t h i s  s e t  , comprising 
experiments SBS-76, 77, 78, 79, 80 and 99. S ince  the  da t a  f rom the  l a t t e r  sho t  
had a different  composi t ion of  detonable  gas  than the others ,  i t s  overpressure 
da t a  was  cor rec ted  by a f a c t o r  e q u a l  t o  t h e  r a t i o  o f  t h e  d e t o n a t i o n  p r e s s u r e s  
of t h e  i n i t i a l  m i x t u r e s .  F i g u r e s  20 and 2 1  show the peak overpressure and 
negat ive  peak  overpressure  da ta ,  respec t ive ly .  S ta t ion  B p o i n t s  f o r  s h o t s  
SBP-76, 77 and 78 and the s ta t ion C p o i n t s  f o r  SBS-77 and 78 were deleted from 
the  l ea s t  squa res  de t e rmina t ion  o f  t he  f i t . *  The e n t i r e  s e t  of data points  of  
SBS-79 was deleted from the analysis  of  the negat ive peak overpressure as t h e  
la te r  s tage  of  the  de tona t ion  in  tha t  exper iment  degenera ted  in to  a def lagra-  
t i o n .  For t h e  peak  overpressure,   the   fol lowing f i t  w a s  obtained.  
For the negat ive peak overpressure,  
Pn = -944 (--- R + L 1.04 D 1- PS f ( 9 )  
This  se r ies  of  shots  was a l s o  examined on the  bas i s  o f  o the r  s ca l ing  laws. 
I n  p a r t i c u l a r ,  one poss ib l e  sca l ing  l a w  i s  based on making t h e  c h a r a c t e r i s t i c  
* Microphones B and C on these  pa r t i cu la r  sho t s  r eco rds  da t a  which was 
ques t ionable .  
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l ength  propor t iona l  to  the  cube  root  of  the  energy  re leased .  This  var ian t  
o f  s ca l ing  results i n  i d e n t i c a l  c u r v e s  f o r  SBS-73, 74 and 75. I n  t h i s  p r e s e n t  
case ,  the  cube  root  sca l ing  comple te ly  spreads  the  da ta  poin ts  for  SBS-76, 
77 and 78 and no v a l i d  l i n e a r  f i t  can be made. It becomes a p p a r e n t  t h a t  t h e  
key  sca l ing  f ac to r  i s  the  d i ame te r  at e i ther  end  and  no f u r t h e r  a t t e m p t s  t o  
invoke scaling based solely on energy will be made. 
The dura t ions  of  the  s igna l  ob ta ined  increase  wi th  d is tance  f rom the  
ba l loon ,  t he  rate o f  i n c r e a s e  b e i n g  l a r g e r  f o r  t h e  l a r g e r  d i a m e t e r  b a l l o o n s .  
The d u r a t i o n  d a t a  f o r  t h e  d e t o n a t i o n s  l i s t e d  above cannot be readily distinguished, 
s o  t h e  d a t a  i s  p r e s e n t e d  i n  one se t  of graphs. The du ra t ion  be tween  the  a r r iva l  
of  the peak overpressure and the negat ive peak overpressure can be decomposed 
i n  t h e  s i n g l e  e x p r e s s i o n :  
T = T o + t + t '  (10 1 
T i s  the  du ra t ion  expec ted  from the  length  of  the  ba l loon  and  i s  computed 
according t o  e lementary  acous t ic  theory ;  tha t  i s ,  the source of the peak over- 
pressure  i s  a t  the end of  the bal loon nearer  the microphones and the source 
of  the negat ive peak overpressure comes from t h e  far end.  Numerically it i s  
e q u a l  t o  L/C where (L) i s  the  l eng th  o f  t he  ba l loon  and ( C )  t h e  l o c a l  v e l o c i t y  
of  sound. t i s  t h e  c o n t r i b u t i o n  t o  t h e  d u r a t i o n  a r i s i n g  from t h e  f i n i t e  time 
in te rva l  be tween igni t ion  of  e i ther  end ,  and  i s  dependent on the  de tona t ion  
ve loc i ty  of  the  gas  or of  the  de tona t ing  s t r ing ,  i f  t he  de tona t ion  i s  thus  
augmented.  This  quantity i s  also  dependent on the  sequence  and  posi t ioning 
of igni t ion.  Numerical ly  it i s  e q u a l  t o  L/d where ( d )  i s  the  ve loc i ty  o f  
de tona t ion  of  the  par t icu lar  de tona t ing  propagat ing  media .  The remaining 
term, t '  , i s  due t o  t h e  s p r e a d i n g  of t he  pu l se .  Th i s  anomaly i s  a t t r i b u t e d  
t o  t h e  c o n v e c t i o n  i n  t h e  f l o w  f i e l d .  T h i s  term i s  expec ted  to  be  la rger  when 
t h e  amount of  explos ive  i s  l a r g e r  a n d  t h e  e f f e c t s  a r e  n o t i c e a b l e  e v e n  o u t  t o  
ranges where the peak overpressures are of  the  order  t o  5 p s f .  
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Figure 22 shows t h e  anomalous f a c t o r  i n  t h e  d u r a t i o n  p l o t t e d  as a func t ion  
of  reduced  range, R/D. t '  shows a s l igh t   i nc rease   w i th   r ange .  The development 
of t he  nega t ive  phase  tha t  p ropaga te s  to  long  d i s t ances ,  which by acous t i c  t heo ry  
should be a r a r e f a c t i o n  wave f o r  t h e  f a r  e n d  of  t h e  b a l l o o n ,  shows s t rong  in t e r -  
a c t i o n  w i t h  t h e  f l o w  f i e l d  o f  h o t  b u r n t  g a s e s  i n  t h e  s o u r c e  area, thus producing 
t h i s  r e s u l t .  
Ign i t ion  and  de tona tor  cord  e f fec ts .  - Under the experimental  program of 
Tes t  Se r i e s  11, comparative experiments were conducted t o  i n v e s t i g a t e  t h e  
e f f e c t s  of po in t  of  i gn i t i on ,  o f  t he  p re sence  or absence of a Primacord strand, 
o f  t h e  s i z e  o f  t h e  i g n i t e r  and of the method of t e t h e r i n g  on the subsequent 
pressure  wave. Figures  23 and 24 show the peak overpressure and negative 
peak overpressure for  three Primacord-driven shots ;  one i g n i t e d  at the tower 
end, i . e . ,  away f rom the  microphone  ar ray ,  the  second igni ted  in  the  center  
ard t h e  t h i r d  i g n i t e d  a t  the end near the microphones. For both graphs , over- 
pressures  genera ted  by microphone end i g n i t i o n  were l a rges t ,  fo l lowed  by 
c e n t e r  i g n i t i o n  a n d ,  f i n a l l y ,  by the tower end igni t ion.  The mean exponent 
of R / D  of  t h e  peak overpressure versus range curves i s  -1.10, w h i l e  t h a t  f o r  
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the  nega t ive  peak  i s  -0.85. Apart from the small magni tude  d i f fe rence ,  the  
q u a l i t a t i v e  c h a r a c t e r  o f  t h e  pressure-time s i g n a l  at the microphones i s  
d i f f e r e n t  when the  inc remen ta l  po r t ion  of t he  de tona t ion ,  r e spons ib l e  fo r  t he  
incrementa l  por t ion  of t h e  s i g n a l ,  i s  being driven toward or  away from t h e  
microphone array. When the  d i r ec t ion  o f  p ropaga t ion  i s  away, t h e  s i g n a l  i s  
smooth. When t h e  c o n d i t i o n s  are r eve r sed ,  t he re  i s  a s i g n i f i c a n t  s i n u s o i d a l  
signal superposed on t h e  o v e r a l l  mean p res su re  s igna l .  The p e r i o d  o f  t h i s  
s inuso ida l  wobble i s  about 10 msec. 
F igures  25 and 26 show t h e  o v e r p r e s s u r e s  i n  t h e  same sequence as before ,  
t h i s  time comparing gas-only detonations,  ignited a t  e i t h e r  end, and Primacord- 
dr iven  de tona t ions ,  aga in  ign i ted  a t  e i ther  end .  For the  peak  overpressure,  
the  largest s ignal .  i s  genera ted  by  a gas-only  explos ion  ign i ted  a t  the micro- 
phone end. Next i n  magnitude,  about 10% lower, i s  the   de tona t ion   of   gas  
augmented by Primacord, again ignited a t  t h e  microphone end. Significantly 
lower a r e  t h e  d e t o n a t i o n s  i n i t i a t e d  a t  the  tower  end. For t hese  two, r e l a t i v e  
order  of gas-only  and  Primacord-driven i s  interchanged.  Similar  order  and 
relative  magnitudes  occur for the  negative  peak  overpressures.   Approximate 
va lues  of the exponents  of ( R / D )  f o r  t h e  two graphs again are  -1.10 and  -0.85, 
r e spec t ive ly .  The p res su re  s igna l  from the  gas-only  de tona t ion  has  the  osc i l -  
la tory character  indicated previously for  the tower-end-igni ted Primacord-  
driven  shot 
The e f f e c t s  of i gn i t . e r  sj.ze a n d  of load patch spacing are  shown i n  
Figures  27 and 28. SBS-88 and 89 were gas.-only detonations withSBS88 being 
i g n i t e d  b y  s o l e l y  a n  ~ ~ 1 0 6  detonator while SBS-89 was igni ted by an ~ ~ 1 0 6  
detonator  augmented  with a three-quar te r  inch  p iece  of Primacord.  Reference 
t o  F i g u r e s  87 and 88 which present  the pressure- t , ime his tor ies  of SBS-88 and 
89, r e spec t ive ly ,  i nd ica t e s  no d i f f e rence  in  s igna l  shape  and  1 l . t t l e  d i f f e rence  
i n  peak  overpressures  and  durat,ions.  These resu l t s  prompted  use  of  unaugmented 
~ ~ 1 0 6  detonators throughout the remainder of t h e  program since unaugmented 
detonators  are  safer  and s impl .er  to  inst ta l l .  and also s ince augmented detonators  
have l i t t l e  or no e f f e c t  on s ignal   shape  and  durat , ions.   Differences i n  t hese  
f ac to r s  have  p rac t i ca l ly  no e f f e c i  on t h e  peak overpressure o r  negative peak 
overpressure.  When the  load  pa tch  spac ing  i s  a l t e r ed  fo r  a gas-only  detonation, 
t he  pe r iod  of the  superposed  osc i l la t ion  on t h e  f a r - f i e l d  p r e s s u r e  s i g n a l  i s  
changed in   d i rec t   p ropor t i .on  t;o the  change f n  spacing.  Observations  of  the 
p i c t u r e s  of the gas , -only detonat tons show the  development of l a r g e  v o r t i c e s  
immedfately a f t e r  pas sage  of the detonat, ion front? and .[.he i n i t i a l  l o c a t i o n  
of t.hese vort,ices lying between successive load patches, 
A t  t h i s  p o i n t  it i s  appropr i a t e  t o  men t ion  one misce l l aneous  e f f ec t  
observed.  In  one  of  the  gas-only  detonati .ons,  a l a rge  b l ack ,  c i r cu la r  pa in t  
spot was appl ied  t o  t h e  ba l loon  fo r  v i sua l  i den t i f i ca t ion  pu rposes .  When 
t h i s  b a l l o o n  was de tona ted ,  the  charac te r i s t jc  vor tex  s t ruc ture  was aga in  
generated,  with  an  added  node at  t h e  s i t e  of  the  pa in t  c i rc le .  In  subsequent  
t e s t i n g  i t  i s  recommended t h a t  some o the r  means of  photographic  ident i f ica t ion  
be used. 
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All of the detonating cord driven experiments employed Primacord manu- 
factured by the Ensign Bickford Company which had an i .gnit ion propagation 
ve loc i ty  of  23000 fps except  for  SBS-105 which employed DuPont Company L/A 
Pyrocore which has  an igni t ion propagat ion veloci ty  of  8500 fps. The Pyrocore 
specimen  underdrove  the  detonation  result ing i n  a def lagra t ion .  S ince  the  
de tona t ing  ve loc i ty  of  the  de tonable  gas  mixture  is 8400 fps it is concluded 
t h a t  o n l y  d e t o n a t i n g  c o r d s  h a v i n g  i g n i t i o n  p r o p a g a t h g  v e l o c i t i e s  c o n s i d e r a b l y  
in  excess  of  that  of  the gas  mixture ,  such as Primacord, cause complete 
detonation of a balloon envelope. 
The r e su l t s  ob ta ined  du r ing  Tes t  Se r i e s  IP i n d i c a t e  'chat the  fo l lowing  
specimen igni t ion  procedure  w i l l  g e n e r a t e  t h e  b e s t  results.  The specimen, 
when f i l l . ed  wi th  the  de tonable  gas  mixture ,  i s  suspended from a cable and 
t e t h e r e d  i n  a ho r i zon ta l  pos i t i on  20 feet  sbove the ground.  The gas mixture,  
consisting of methane and oxygen i n  t h e  m o l a r  r a i i o  o f  one t o  two, i s  detonated 
by  a Primacord st,rand which l i e s  a l o n g  t h e  c y l i n d r i c a l  a x i s  o f  t h e  b a l l o o n  
specimen. The Pr imacord  necessary  for  s tab i l iza t ion  of  the r e s u l t i n g  p r e s s u r e  
s igna l ,  i s  i g n i t e d  b y  a convent ional  EB 106 detonator  a t  the end of the specimen 
n e a r e s t  t o  t h e  microphone array such that the ensuing Primacord detonation 
propogates away from the microphone array.  This procedure was found t o  g e n e r a t e  
a s t ab le ,  hash  f r ee  s igna l .  
Shape e f f e c t s .  - Phase I11 experiments determined the response t o  shaped 
ba l loons ,  d r iven  by  Pr imacord  in i t ia ted  a t  the microphone end. 
The shapes  cons idered  in  th i s  phase  were truncated cones, and composite 
s t ruc tu res  o f  t runca ted  cones  jo ined  e i the r  t o  cy l inde r s  o r  o the r  t runca ted  
cones. The conical shape was chosen  pri.marily  for  convenience  of  manufacture. 
Three  truncated  cones  were  investigated.  Two i d e n t i c a l  b a l l o o n s  of t h i s  shape 
were detonated, f i r s t  w i t h  t h e  small end near. the microphones and then with 
the  l a rge  end  near  the  microphones, had a l a rge r  s lope .  S ix  ba l loons  wi th  
composi te  cyl inder- t runcated cone s t ructures  were then detonated to  invest igate  
t h e  r e s u l t i n g  p r e s s u r e  f i e l d .  The c o n i c a l  p c r t i o n s  were always a t  the ends of 
t h e  s t r u c t u r e .  The several  shapes  were  chosen t u  g ive  a wide  representat . ion 
of cone parameters, with the conical. secti.ons a t  both the microphone end and 
the  tower  end.  Figure 29 shows the  snapes of t h e  b a l l o o n  i n v e s t i g a t e d  i n  t h i s  
s ec t ion .  
The scal ing used for  analyzing the pr ior  measurements  used the diameter  
of the  bal.loon;  however, i n  t h i s  s e r i e s ,  t h e  d i a m e t e r  i s  more s p e c i f t c a l l y  
ind ica t ed  as the diameter  of  the near  end for  the peak overpressures  and of 
t h e  f a r  end for  the  nega t ive  peak  overpressures .  The d a t a  f o r  t h i s  s e r i e s  i s  
p lo t t ed  in  F igu res  30 and 310 The f i t s  f o r  t h e  c o r r e s p o n d i n g  c y l i n d e r  d a t a  
a re  a l so  p lo t t ed  and  a re  seen  to  p rov ide  a lower bound t o  the  da t a .  
An a t tempt  to  fur ther  reso lve  the  pressure- range  da ta  i.s made by prag- 
mat ical ly  hvoking convect ion.  The theo ry  of the propagati.on of weak shock 
waves by  Whit,ham ( r e f  6 )  ind ica t e s  t ha t  t he  shock  f ron t  w i l l  be  degraded 
f a s t e r  t h a n  1/r by a r a r e f a c t i o n  wave overtaking the shock. Figure 32 shows 
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s c h e m a t i c a l l y  t h i s  s i t u a t i o n .  Thus t h e  s i g n a l  a t  t h e  shock f ron t ,  he re  
synonymous wi th  the  peak  overpressure  s igna l ,  s tarts not from the end of 
the bal loon,  but  f rom a po in t  some d i s t ance  from t h e  end of the balloon. 
The f low ve loc i ty  a t  t h e  f r o n t  i s  known from the Rankine-Hugoniot jump 
cond i t ions ,  t hus  the  loca t ion  of t he  shock  f ron t  and  the  in t e rcep t ing  
character is t ics  can be approximated.  For  the xeak shock in  this  problem, 
the  shock  ve loc i ty  was approximated as the  ave rage  o f  t he  cha rac t e r i s t i c  
velocity,   u+c9  behind  the  shock,  and,  c,   in  front  of  the  shock.  Furt .hermore,  
c, t h e  l o c a l  sound ve loc i ty ,  was taken as a cons tan t .  The signal. a t  t h e  f r o n t ,  
a t  the  range  of i n t e r e s t  h e r e ,  o r i g i n a t e d  a t  a point from 4 t o  8 f e e t  from 
the  end  of  the  ba l loon  wi th  a mean of abGut 5 f ee t .  When the  ba l loon  has  a 
s t rong  taper, t h e  s t r e n g t h  o f  t h e  s h o c k  r e l a t i v e  t o  t h a t  p r e d i c t e d  from t h e  
end i s  larger .  Taking Dl as the diameter  5 f e e t  from  .the  microphone  end, t h e  
da t a  in  F igu re  30  fo r  t he  ove rp res su res  i s  r e p l o t t e d  i n  F i g u r e  33. S i m i l a r l y  
f o r  the  nega t ive  peak  overpressure ,  D2 i s  approximated by t.he diameter 5 f ee t  
inboard from the end away from the tower (Figure 34).  The c o r r e l a t i o n  i s  more 
d i s t i n c t  
Hawkins and Hicks ( R e f .  3 )  have developed woven Primacord simulators 
which produce 100 and 200 mi l l i second N-waves wi th  des igna t ions  Mk.1 Simulant 
and Mk.2 Simulant ,   respec t ive ly .   Both   s imula tors   a re   charac te ized   by  similar 
charge densi .Ly fundi-ons along their  lengths ,  namely, a monotonical ly  increas-  
ing "saw-tooth" l ine to  a c o n s t a n t  v a l u e ,  t h e  c o n s h n t  v a l ~ e  b e i n g  m a i n t a i n e d  
for  approximate ly  the  inner  50% of sjmulator length,  followed by a monotonically 
decreasing  "saw-tooth"  l ine.   (See  Figure 35. ) 
E a r l y  i n  t h e  program it .was hypotheslzed that i .f  balloons were manufactured 
which  dupl ica ted  the  charge  dens i t ies  of  the  Hawkins and Hicks Simu:Lants, t h a t  
N-waves might  be  produced upon detonati-on of the balloons. Given the nature of 
a n  i n f l a t a b l e  membrane it i s  impossible ' to reprodme ihe "saw-tooth" charge 
densit ies.   Consequently,9 it. was decided t o  manufacture  bal.loons  which  produced 
charge  dens i t ies  which  fo l . lowed the  average  l ine  drawn through Lhe "saw-tooth" 
l i n e .  (See Figure 35. )  Due to program requ:iremen.Ls o f   des i r ed   s igna l   du ra t iuns  
and peak overpressures as ,well as  cons t . ruc1 , iona l  resLr ic t ions  of ba l loon  manu- 
f a c t u r e  it was imposs:ibi.e t o  exact.1.y dup1.i cat.e e-i.Lher of t h e  Hawkins and Hicks 
S imulant s 
However, bal.l.oons 'were designed which produced cnarge densit ies which 
were l inear  and t ,hgs s imul .a ted the average l ine drawn through the "saw-tooth" 
l i n e  e x h i b i t e d  b y  t h e  Hawkins and  Hicks  Simui.ants. It was found t h a t  i n  o r d e r  
f o r  a bali.oon spec2.men t o  produce a ] .?near  charge densi ty  funct ion,  that  the 
r a d i i  of t he  ba l loon  must fo l low a relat ion involvi .ng .Lhe sq'uare root; of 
ba l loon  length .  Two such  balloons  were manufac-Lured, namel.y, SBS-IO7 and 
SBS-1.09. I n  o r d e r  t o  a s s e s s  t h e  e f f e c t  on sEgnal generatt ion of these balloons 
which  have  radii   follow.ing  the  square  root  of  lengtn two  companion specimens 
were f ab r i ca t ed ,  namel.y, SBS-i.06 and SBS-.lO8. SRS-106 and SRS-107 a r e  matched 
as are SBS-108 and SBS-109 in  the  sense  i tha t .  the  first; i.n t h e  two arrays have 
r a d i i  which a re  l i nea r  func t ions  o f  ba l loon  l eng th  wh i l e  t he  second  have  r ad i i  
which are square r o d  f u n c t i o n s  o f  b a l l o o n  l e n g t h .  Both bal loons of  a p a r t i c u l a r  
a r r a y  have t h e  same segment. lengths and d:iamet,ers. 
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Figure 35 p resen t s  t he  no rma l i zed  ax ia l  cha rge  dens i t i e s  o f  t he  20.4 
foot segments of SBS-106 and 107 i l l u s t r a t i n g  t h e  d i f f e r e n c e s  b e t w e e n  a 
l i n e a r  r a d i i  f u n c t i o n  a n d  a squa re  roo t  r adE  func t ion .  A l s o  i l l u s t r a t e d  
i s  the normalized average l ine for the "saw-tooth" charge density of the 
Hawkins and  Hicks  Simulants. The pu rpose  o f  t he  i l l u s t r a t ion  i s  t o  show 
t o  what e x t e n t  t h e  two ba l loon  r ad i i  func t ions  approx ima te  the  ave rage  l i ne .  
It i s  r e a d i l y  s e e n  t h a t  b a l l o o n s  w i t h  r a d i i  b e i n g  a square  root  func t ion  of  
l eng th  i s  the best  approximation.  
Detonation of these Hawkins and Hicks-simulating specimens did not 
genera te  a s ignal  resembling an N-wave ind ica t ing  tha t  de tonab le  gas  exp los ions  
cannot  be  d i rec t ly  des igned  f rom so l id  explos ive  da ta .  L i t t l e  d i f fe rence  was 
discerned between the signals generated by the matched balloons sets, t h a t  is ,  
between the one which r a d i i  a r e  l i n e a r  f u n c t i o n s  of length and the other where 
r a d i i  are square  root   funct ions  of   length.   (See  Figures  103 and 104.) 
Design of the N-Wave Balloon 
Af te r  t he  f i r s t  three  exper imenta l  t es t  se r ies  were  comple ted ,  the  next  
s t e p  was the design of  a bal loon configurat ion which would yield an N-wave 
upon de tona t ion .  From t h e  r e s u l t s  of Tes t  Se r i e s  1 and Test  Ser ies  11, t h e  
balloon would have a Pr imacord  s t rand  running  the  length  of  the  ba l loon ,  th i s  
b e i n g  r e q u i r e d  t o  e n s u r e  s t a b i l i t y  o f  the  pressure  s igna l .  Fur ther  the  de tona-  
t i o n  of the Primacord strand would progress from the microphone end. 
The pressure  prof i le  records  f rom Phase  111 were examjned a t  t h e  200' 
s t a t i o n s .  From t hese  a composi te  record ,  cons is t ing  of  the  f . f r s t  ha l f  o f  
shot  SBS-93 and the second half  of SBS-98, produced a wave which was almost 
a n  N-wave. See  Figure 36. The l ead   sp ike  was j u s t   s 1 i g h t l . y   l a r g e r .  However, 
examination of the same records  a t  the 350' and 500' s t a t i o n s  showed t h a t  t h i s  
would decay  s l igh t , ly  faster than the negat ive phase and fur ther  that small, 
favorable  changes  in  shape would occur .  The N-.wave ba l loon  conf igura t i .on  was 
t h u s  t h e  f r o n t  h a l f  of SBS-93 jo ined  wi th  the  back  ha l f  of SBS-98. (See 
Figure 37.) The l eng th  of t h i s   b a l l o o n  was taken  as  30'   Larger  bal . loons of 
the  same shape   were   a l so   fabr ica ted ,   Sca l ing   cons idera t ions   ind ica ted   tha t  
an N-wave of longer duration should be att ,ainable by simple cube root scaling 
of the  ba l loon ,  main ta in lng  a geometr ica l ly  si.milar shape. An al.t.ernate N-wave 
bal loon,  a s l igh t .  modi f ica t ion  of  the  prev ious  des ign ,  vas also prepared 
(Figure 38). The major   difference was that   the   mfddle   sect i .on was s l i g h t l y  
l a r g e r  i n  t h a t  r e g i o n  of  the  ba l loon  near  the  center  bare ly  on the microphone 
side.  This augmentation was made t o  f i l l  in  the decay from the peak overpressure.  
To fur ther  take advantage of  the change of  the front  part of t h e  p r o f i l e  
as the  pressure  wave propagates, the range over which measurements were taken 
was extended to 8 0 0 " .  
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Five-detonations on Phase I V  were designed t o  g e n e r a t e  a n  N-wave. These 
f ive,  SBS-102, 103, 104, 108 and  112 are geometr ica l ly  s imi la r ,  having  d i f fe r -  
end  lengths .  An N-wave was generated.   Figure 39 shows t h e  p r e s s u r e  p r o f i l e  
f o r  SBS-102 a t  a microphone 767 f ee t  from the  cen te r  o f  t he  ba l loon .  A t  t h e  
c loser  ranges  the  decay  f rom the  peak  overpressure  to  the  nega t ive  peak  over -  
pressure shows a break in  the s lope about  halfway between peaks.  This  break 
i n  s l o p e  becomes p rogres s ive ly  smaller and  f tna l ly  van i shes .  F igu re  46 shows 
t h e  p r e s s u r e  p r o f i l e s  a t  same microphone  s ta t ion  for  the  o ther  th ree  N-wave 
b a l l o o n s  t e s t e d .  The dura t ion  of the  pulses,   i .e.   peak-to-peak, i s  approxf- 
ma te ly  p ropor t iona l  t o  the  l eng th  o f  t he  ba l loon .  Table I1 l i s t s  the peak 
pressure and durations of tl, t2, t and t4 f o r  t h e s e  t e s t s .  3 
Figure 41 shows the comparison of  the experimental  inf luence funct ion 
obta ined  previous ly  f rom combina t ion  of  bes t  fea tures  of  SBS-93 and 98 
(see   F ig .  36) ,  with  the  measured  composite  structure  response.  The c lose  
agreement of the predicted and measured pressure profiles i s  i n d t c a t i v e  
t h a t  t h e  d e f i n i t e  p o s s i b i l . j t y  e x i s t s  t h a t  t h e  method descr ibed  of ob ta in ing  
N-wave generating balloons can be used to design balloons which can be ex- 
pec ted  to  gene ra t e  any  des i r ed  wave form. However, further  development  of 
t h e  method i s  requi red  so as t o  e s t a b l i . s h  t h e  g e n e r a l  a n d  r e p e t l t i v e  v a l i d i t y  
of the method. 
The peak overpressure and negative peak overpressure versus reduced 
r ange  a re  p lo t t ed  in  F igu res  42 and 43. Corresponding points for SBS-103, a 
va r i an t  o f  t he  N-wave configurat ion design,  are a l s o  p l o t t e d .  The peak  over- 
pressure  versus  range  for  the  N-wave configurat ion detonat ions has  the fol .1 .o~-  
ing approximate equatfon: 
The negative peak overpressure has the formula: 
( 1.2 ) 
Figure 44 shows the  du ra t ion  o f  t he  N-wave versus ba l loon  l eng ths  fo r  
t hese  ba l loons  as determined  from  the  obtained  data.  The expression shown 
on t h e  f i g u r e  a g r e e s  w e l l  w i t h  d u r a t i o n s  p r e d i c t e d  from Expressfon 10 OF 
page 17. 
The p r e s s u r e  p r o f i l e  matures i n t o  a n  i d e a l  N-wave as it propagates  down 
range and becomes fu l ly  deve loped  when the peak overpressure becomes less 
than 5 psf.  Maturing of N-waves fo r  peak  ove rp res su re  l e s s  t han  5 psf can 
be seen by examining Figure 40 i n  t h a t  b e l o w  t h i s  v a l u e  of peak overpressure 
signalhash  becomes l e s s  exaggerated  and  the  signal.  smoother. Thus, f o r  a 
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TABLE I1 
SUMMARY OF PRESSURE AND DURATION DATA MEASURED 
FOR THE DETONATIONS OF THE N-WAVE BALLOONS 
POSITIVE NEGATIVE 
SBS  MICROPHONE TIME RISE TIME DECAY TIME DECAY TIME RISE TIME PRESSURE  PFlEsSuRE 
NO. MICROPHONE* LOCATION 
ARRIVAL** POSITIVE  POSITIVE NEGATIVE NEGATIVE PEAK  PEAK 
ta  tl t2 t3 t 4  'posit ive  'negative 
102 A 200  174 1 6 7 4 57.4 29.6 
B 200  176 2 16  16 10 10.1 4.96 
C 300  312 
D 300  312 
E 500 448 
F 768 690 
104 A 200  172 
B 200  172 
C 300  8 
D 300  308 
1 18 15 
1 18 15 
1 . 5  19 14.5 
3.5 18 14 
1- 5 7 8 
3.5 20 26 
3 21 22 
3 21 22 
9.5 5.93 2.32 
9.5 5.93 2.85 
9 3.06  1.854 
10 1.55 0.97 
7 79.3 41.8 
9 14.7  7.09 
10.5  8.29  4.12 
10.5 8.27  4.20 
E 500 443 3 23  20 10 5.24 2.74 
F 768 687 3.5 26  15 13  2.11 1.34 
* Microphone array as f o r  Phase I V ,  see Figure  10. 
** See Figure 1 6  f o r  d e f i n i t i o n  of p a r a m e t e r s  d e s c r i b i n g  t h e  N-wave. 
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ARRIVAL POSITIVE 














64 1 8 1 5 200 100.1 57.7 
67  5 21.6 9.96 
5.98 
200 32 1 5  9 
300 30 2 5 34 16 9 
302 4 33 16  9 6.2 300 12.5 
437 4 33 17 9 8.0 4.07 
768 680 5 33  16 9 2.54 5.2 
106.3 168 1 11 1 3  6 55.6 
10 .3  
200 
27  35 6 
26  35 4 
26 35 4 
28 34 7 





291 2 12.82 4.7 
5.56 
3.66 
291 2 13.0 
9.36 423 2 
659 5 28 31 8 5.31 2.74 F 
g iven  ba l loon  l eng th ,  t he  minimum range a t  which an N-wave i s  developed can 
be  determined, i . e . ,  R/D, must be g rea t e r  t han  700. Figure 45 p resen t s  a 
design nomograph from which an N-wave generating balloon can be designed. 
The nomograph i s  app l i cab le  on ly  to  ba l loons  wh ich  a re  geomet r i ca l ly  similar 
t o  t h e  b a l l o o n  i l l u s t - r a t e d  i n  F i g u r e  37. F igure  45 enables  es t imat ion  of.. 
the  required range a t  which an N-wave of specif ied duratfon and peak over-  
p re s su re  w i l l  be  generated.  The dura t ion  des i red  i s  used . to estimate ,thz 
l eng th  of t he  ba l loon  as w e l l  as the range requirement  for  a specif ied peak 
overpressure.  Figure 42 and 44 may be used t o  estimate the degree of scatter 
that might be expected in peak overpressure and dura'Lion from a ba l locn  
obtained on t h e  basis of Figure 45. The two f igu res  ind ica t . e  t h a t  a bal.l.uon 
designed on t h e  b a s i s  of Figure 45 when exploded w i l l  produce actual over- 
pressures  and durat ions varying from those predicted by about 215% as . there  
i s  some spread  in  the  pressure- range  da ta  for t he  N-wave s:imuLation a t  t h e  
lower  range  of  pressures.  (N.B.  This   range  f igure i s  t h e  d i s t a n c e  from t h e  
end  of t he  ba l loon  t o  tha t  po in t  where  the  N-wave w i l l  be observed. It Ts 
measured along an extension of t h e  b a l l o o n .  ) Larger peak pressures from the 
de tona t ion  occur  in  the  l a t e ra l  d i r ec t ion .  See  F igu re  46, where the  peak 
overpressure versus  r /L? where r i s  t h e  l a t e r a l  d T s t a n c e ,  :is pl.oLi.ed. 
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EXPERIMENTAL  PARTICULARS 
The nar ra t ive  presents  de ta i led  informat , ion  of  the  severa l  face ts  of  the  
experimental.  process.  Specimen  manufacture,  specimen  field  suspension,  gas 
loading systems, and instrumentation systems will be deal t  with.  
BALLOON FABRICATION 
The sonic  boom specimens are  bal loon envelopes constructed of  qylar  f i l m .  
The film material f o r  T e s t  S e r i e s  I ,  11, and I11 was 1 mil t h i ck  wh i l e  fo r  
Tes t  Ser ies  I V  t h e  q y l a r  f i l m  was 2 mils t h i ck .  Teai-ing s t r eng ths  were 
20 l b / i n  and 60 l b / i n  f o r  t h e  1 mil and 2 mil mate r i a l ,  r e spec t ive ly ,  
Inf la tab le  s t rengths  of  the  ba l loon  envelopes  a re  grea te r  t h a n  15 inches of 
water (g;3’;ge) p re s su re  fo r  t he  th inne r  f i lm  and  s ign . i f i can t ly  h ighe r  f o r  t h e  
t h i c k e r  f i l m o  During the course of a11 the experimental  work no i n f l a t i o n  
f a i l u r e s  o c c u r r e d  which v e r i f i e s  t h e  i n f l a t i o n a l  i n t e g r i t y  o f  t h e  employed 
q y l a r  films. Figure 47 p r e s e n t s  t h e  c o n s t r u c t i o n a l  d e t a i l s  o f  a t yp ica l  ba l loon .  
Pecu l i a r  a spec t s  o f  ba l loon  f ab r i ca t ion  are discussed i n  the  fo l lowing  
sub-sections,  
Cylinder End Gathering 
D e t a i l  A of Figure 47 i l l u s t r a t e s  t h e  method employed i n  c los ing  ba l loon  
ends so as t o  form cyl inder  end closures .  Stabi l i ty  experiments  were  performed 
t o  assess t h e  c o n t , r i b u t i o n  t o  s h a p e  i n t e g r i t y  o f  t h e  i l l u s t r a t e d  syst.em of 
r a d i a l  t a p e  s t i f f e n e r s  as compared t o  t h e  same end gathe.ring wit.hQut the t.ape 
s t i f f e n e r s .  It was f o u n d  t h a t  t h e  t a p e  s t i f f e n e r s  a d d e d  l i t t l e  s h a p e  i n t e g r i t y  
bu t  i nc reased  the  cos t  of t he  ba l loon  by some 30% due t o  t h e  consumed l abor  
in  the i r  app l i ca t ion .  Consequen t ly ,  t he  t ape  s t i f f en ing  sys t em was dispensed 
with,  Figure 48 illustrates a t y p i c a l  end gathering used on d l  specimens, 
An add i t iona l  bene f i t  acc rued  from the  end gathering method of cy l inder  
c losu re  in  tha t  t he  wrapp ing  cou ld  be  formed i n t o  a gas  loading nozzle .  
D e t a i l  B of Figure 47 i l l u s t r a t e s  t he  nozz le  conf igu ra t ion  used  th roughou t .  
t he  program. The l e f t  hand  s ide  o f  t he  ba l loon  i l l u s t r a t ed  i n  F i g w e  48 
shows the  hand swir l ing nozzle  forming operat ion.  Once the  swi r l ing  ope ra t ion  
i s  complet.ed, t he  nozz le  i s  t a p e d  f o r  permanency. 
Detonating Cord  Conduit.  and Support Detail 
A meta l l ized  qylar  condui t  w a s  provided for a l l  specimens which employed 
detonat ing cord.  The conduit  w a s  i n s t a l l ed  such  tha t .  upon b a l l o o n  i n f l a t i o n  
the condui t  a l igned i tself  a long the longi tudinal  axis  of  the specimen,  
Conduit s u p p o ~ t s  i n t e r n a l  t o  the  ba l loon  were provided a t  s e l e c t  l o c a t i o n s ,  
The supports  consis ted cf  three nylon cord s t rands,  120° a p a r t ,  one end  cf 
any p a r t i c u l a r  c o r d  b e i n g  a t t a c h e d  t o  a center rubber bushing through which 
the condui t  passed;  +,he remaining end being attached t o  t he  mylar envelope 
w i t h .  taped  D-ring  connections.  Section XX of  Figure b7 i l l u s t r a t e s  t h e  
condui t  support  detai l .  The conduit  has an int ,ernal nylon cord runnin.g the 
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fu l l  length  of  the  ba l loon  so as t o  f a c i l i t a t e  i n s t a l l a t i o n  o f  d e t o n a t i n g  
cord by the simple expedient of first a t t ach ing  the  co rd  to  the  ny lon  co rd  
and then pul l ing the cord through the bal loon.  
Te ther ing  Deta i l  
The t e t h e r i n g  d e t a i l  i s  i l l u s t r a t e d  i n  S e c t i o n  XX of  FiguPe 47. The 
t e the r ing  sys t em cons i s t s  o f  t h ree  D-rings taped t o  t h e  e x t e r i o r  s u r f a c e  of 
the  ba l loon  at i n t e r v a l s  o f  120' with one always being placed i n   t h e   v e r t i c a l  
plane of  bal loon symmetry. 
Fabrication Schedule 
For a c y l i n d r i c a l  specimen having a nominal diameter of less than 3 f e e t  
two p ieces  of  nlylar sheet  material a r e  c u t  t o  t h e  p r o p e r  l e n g t h  and proper 
width such that  upon f i n a l  seaming t h e  r e q u i s i t e  c y l i n d r i c a l  s h a p e  results. 
The length  of  the  cu t  shee t  mater ia l  i s  approximately the nominal length plus 
the addi t ional  length required for  cyl inder  end wrapping,  The width of the 
two shee t s  i s  times  the  nominal  diameter  plus 12" i n   o r d e r   t o   a l l o w   f o r  
two seams, each seam overlapping three inches, The two shee t s  a r e  then  hea t  
seamed together along the length and the ta.ped conduit D-rings attached i n  
t.he proper  loca t ions  on t h e  i n t e r i o r  f i l m  sur face .  The teth.ering taped D-rings 
a r e  a t t a c h e d  t o  t h e  e x t e r i o r  f i l m  s u r f a c e  at the  requis i te  1 .oca t ions .  
A separate assembly i s  simultaneously prepared, namely, the conduit  
assembly.  Metallized nlylar, again 1 mil t h i c k ,  i s  formed i n t o  a cy l inder  
with a s i n g l e  seam.  The conduit  i s  f i t t e d  w i t h  t h e  p r o p e r  n b e r  of rubber 
bushings  in  the  proper  loca t ions  a long  the  condui t  so as t o  conform t o  t h e  
required condui t  support  spacing.  The rubber  bushings  having  been  previously 
f i t t e d  w i t h  t h e  t h r e e  n y l o n  c o r d  s t r a n d s .  
The completed conduit assembly i s  a t tached  to  the  taped  condui t  D-r ings  
p r e v i o u s l y  i n s t a l l e d ,  The ba l loon  c losure  seam i s  now  made a long  the  length  
of the  mylar  f i lm.  The ends are gathered, the nozzle wrapped and taped, and 
the nozzles  securely taped to  the exposed condui t ,  
If the nominal diameter of a c y l i n d r i c a l  specimen i s  l a rge r  t han  3 f e e t  , 
three longi tud. ina1 seams r a t h e r  t h a n  two a r e  required.  Shapes  which  have 
long i tud ina l  t ape r s  , such as frustrums of cones , genera l ly  requi re  more than 
two seams rega rd le s s  o f  t he  d i ame te r  i n  o rde r  t o  ob ta in  accep tab le  in f l a t ed  
shapes. The completed  ball.oon i s  then accordion folded al lowing entrapped 
air to  escape and packaged in  a secure cardboard box for shipment, 
Cost Optimum Balloon 
The opt.imum unit.,  from a f ab r i ca t ion  s t andpo in t  , i s  a cy l inder  wi th  
gathered ends. It has  th ree  t e the r ing  pa tches  loca t ed  eve ry  f i f t een  f ee t  
and three  condui t  suppos ts  every  ten  fee t .  A one inch diameter conductive 
tube  of  meta l l ized  Wlar  ex tends  the  f u l l  length of  the cyl inder  and has  an 




During the  course  of t h e  program thir ty-eight  wlar balloons were 
fabr ica ted .  The shapes were pr imari ly  regular  cyl inders  , con ica l  cy l inde r s ,  
and unsymmetric tri-diameter cylinders. Nearly all the bal loons were of a 
one-of-a-kind nature. Prices per unit have therefore  been comparat ively high.  
By reducing  the  number of envelope types and sizes and increasing order 
quan t i t i e s  p r i ces  can  be  s ign i f i can t ly  lowered ,  F igu re  49 i s  a graph 
i l l u s t r a t i n g  c o s t  o f  t h e  t h r e e  p r i m a r y  t y p e s  o f  b a l l o o n  s h a p e s  i n  q u a n t i t i e s  
from 1 0  t o  70 units. It should  be  noted  tha t  the  most s i g n i f i c a n t  f a c t o r  i s  
quantity not shape. The cos ts  presented  in  F igure  49 a r e  f o r  a complete 
f ie ld  deployable  bal loon which i s  80 fee t  long  and  has  a maximu diameter of 
2 f e e t  w i t h  t h e  r e q u i s i t e  number of tethering patches and conduit .  supports.  
GAS LOADING AND ASSOCIATED SYSTEMS 
Gas Loading System 
Figure 50 i l lus t . ra tes  the  gas  loading  sys tem as essent ia l ly  used  through-  
o u t  t h e  program,  Nitrogen,  oxygen,  and  methane  were  purchased i n  commercial 
gas  cylinders.   Predetermined  portions  of oxygen  and  methane  were i n j e c t e d  
s imultaneously into the bal l .oon specimen to  form the detonable  gas  mixture .  
Nitrogen, an i n e r t  g a s ,  was always ava i l ab le  t o  a c t  as e i t h e r  a purging device 
f o r  e x p e l l i n g  a detonable mixture from a leaking deployed bal loon or a bal loon 
burs t ing  device  i f  the  deployed  ba l loon  main ta ined  sea l  in tegr i ty  in  abor t  
s i t u a t i o n s .  
The f igure denotes  two types  of gas cylinders for methane and oxygen, 
st .osage  and  precharge  cylinders.   In  the  context  of  this  report  a s torage  
cy l inder  i s  a cy l inder  laden  wi th  a par t icu laP  gas  to  pressures  of  approximate ly  
1500 p s i  and  served as the  source  of gas  quant i t ies .  A prechapge cylinder,  
on the  o ther  hand ,  i s  a cyl inder  of  a p a r t i c u l a r  g a s  at, atmospheric ambient. 
pressure denoted general ly  as an  "empty cylinder".  For a p a r t i c u l a r  b a l l o o n  
envelope, knowi.ng the  ba l loon  volume and r equ i s i t e  ba l loon  supe rp res su re  upon 
in . f la t ion,  the precharge cyl i .nders  were charged with gas from the storage 
cy l inder  to  prede termined  pressures  such  tha t  upon r e l e a s e  from t h e  now 
charged "precharged" cylinders the detonable gas would occupy the  ba l loon  
volume at the  requi red  superpressure .  The p r e s s u r e  t o  which the precharge 
cy l inder  m u s t  be  p re s su r i zed  to  f l - i i f i l l  a s e t  o f  ba l loon  inf la t ion  parameters  
i s  r e a d i l y  c a l c u l a b l e  i n  t h e  manner tha t  fo l lows .  
Basis of Precharge Computations 
If we consider  a gas mixture mole r a t i o  of oxygen t o  met.hane of 
1.5 (02/CH4 = 1.5), the  precharged cyl inder  pressures  are  det ,ermined as follows: 
The t o t a l  number of moles i n  a mixture i s  def ined as 
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Subs t i t u t ing  the  equa t ion  o f  state f o r  a g a s  i n t o  t h e  above results i n ;  
If we  now assume each component exer t s  the  mixture  pressure  whi le  
occupying only a p a r t i a l  volume of the  mixture ,  
p = P o  = P  and T = T  = T  
2 CH4 02 CK4 
t h e r e f o r e  ; 
v = v  + v 
02 CH4 
The p a r t i a l  volume i s  r e l a t e d  t o  t h e  mole f r a c t i o n  ( n .  ) as fol lows:  
1 
V /pV = n R T /n Ro T 
02 0 02 
t h e r e f o r e  ; 
Thus t h e  p a r t i a l  volume and mole f r ac t ion  a re  p ropor t iona l  and  the  
p a r t i a l  volume can be used to  e s t ab l i sh  the  gas  mix tu re  mole r a t i o .  
Typical Precharge Computation 
Consider a c y l i n d r i c a l  volume two f e e t  i n  diameter and two fee t  long .  
The volume  of t he  cy l inde r  i s  6 . 2 8  f t 3 0  I f  t h e  b a l l o o n  i s  p r e s s u r i z e d  t o  
f ive  inches  of  watery  the  volume  of air a t  one atmosphere i s  6 . 2 8  x 1.0112 
or 6.35 f t 3 0  
A gas mixture having a  mole r a t i o  o f  0 /CH = 1.5  r equ i r e s  volumes 
corresponding t o  t h e  mole f r a c t i o n ,  i . e . ,  2 4  
n  n 
x =  O2 and x = CH4 
' 2  n + n  CH4 n + n 
02 CH4 02 CH4 
v = x  v 




= 0.60 and x = 0.40 
CH4 
t he re fo re ,  
v02 
= 3.82 f t 3  and v = 2.54 r t 3  
CH4 
Standard commercial gas cylinders have a t y p i c a l  l i q u i d  volume of 1.75 
cub ic  f ee t .  The p r e s s u r e s  r e q u i r e d  t o  compress t h e  above  gas  volumes 
t o  t h e  volume of  the precharged cyl inder  volume i s  computed as follows: 
Assume the bal loon envelope is  evacuated ,  i . e .  , col lapsed,  and the 
volume of  the  gas  in  the  tub ing  i s  neg l ig ib l e .  The precharge pressure i s  
given by: 
P T V T vo 
where 
P =  
T 
'T - 
P =  0 
v =  
0 
- 
precharge  pressure ,  ps ia  
tank  volume, f t 3  
a tmospher ic  pressure ,  ps ia  
gas  volume at atmospheric pressure 
P = 14.7 X (Vo + V T )  
1.75 2 
= 14.7 X (3.82 + 1 .75)  = 46.6 p s i a  
1.75 
= 46,6 - 14,7 = 31.9  psig 
The compress ib i l i t y  e f f ec t s  o f  t he  gases  can be ignored i f  t h e  p r e s s u r e s  
i n  t h e  p r e c h a r g e d  b o t t l e s  a r e  k e p t  r e l a t i v e l y  low. The compress ib i l i ty  
e f f e c t  on gases at high pressures  can be determined from the compressibil i ty 
f a c t o r ,  2 
where 
pv = Z RT 
The f a c t o r  Z i s  an empi r i ca l  co r rec t ion  f ac to r  t o  a l ign  obse rved  da ta  in to  
t h e  form  of a simple equation. It can be determined from plots of Z versus  
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reduced  proper t ies  of  p  and t. The c r i t i ca l  po in t s  o f  oq rgen  and  methane are:  
P = 49.7 atm. 
T = -182.1°F 
C 
C 
P = 45.8 atm. 
T = -116.1.~~ 
C 
C 
O2 CH Tr = T/T = 460 + 70 4 
C = 1.87 Tr = 460 + 70 460 - 182.1  460 - 116.1 = 1-51 
t h e r e f o r e ,  from experimental  data;  
z = 0 , g g  
O2 
Z = 0.97 
CH4 
Thus t h e  e r r o r  i s  one percent  for  owgen at pressures  up t o  220 p s i a  and 
th ree  pe rcen t  fo r  methane. The compress ib i l i t y  e f f ec t s  can the re fo re  be  
ignored  wi thou t  s e r ious  e r ro r  fo r  p re s su res  below 15 atmospheres. 
Schematic Description of Systems 
Figure 5 1  schemat i ca l ly  i l l u s t r a t e s  t he  subs t ance  o f  t he  gas  load ing ,  
pressure  moni tor ing ,  and  assoc ia ted  e lec t r ica l  cont ro l  sys tems.  
Tes t  Ser ies  I employed remotely controlled ball  valves.  The b a l l  
valves  did  not  permit  f ine  regulation  of  gas  f low.  Consequently,   in  Test  
Se r i e s  I1 t h e  b a l l  v a l v e s  were replaced with solenoid valves .  The so lenoid  
v a l v e s  f u n c t i o n e d  s a t i s f a c t o r i l y  i n  t h a t  t h e  s y s t e m  n o t  o n l y  p e r m i t t e d  
f ine  r egu la t ion  of  the gas  f low but  a lso permit ted instantaneous control  of 
the  flow. The only  difference  in   the  gas   loading  systems  of .Test   Ser ies  I 
and I1 is the  rep lacement  of  the  ba l l  va lves  wi th  the  so lenoid  va lves .  
Tes t  Ser ies  I11 and I V  employed the solenoid valves .  
The ba l loon  in te rna l  pressure  moni tor ing  sys tem in i t ia l ly  des igned  for  
Tes t  Se r i e s  I and I1 proved insensi t ive and a high performance pressure 
t ransducer  w a s  ca l ib ra t ed  and  in t eg ra t ed  in to  the  ex i s t ing  p res su re  mon i to r ing  
sys tem for  Tes t  Ser ies  I11 and I V .  The redesigned system performed sat isfac-  
t o r i l y .  The incorporat ion of  the new ba l loon  in t e rna l  p re s su re  t r ansduce r  
f reed  the  pressure  t ransducer  prev ious ly  used  as t h e  i n t e r n a l  p r e s s u r e  t r a n s -  
ducer.  This transducer was used as the  oxygen f eed  l i ne  p re s su re  mon i to r  i n  
Tes t  Se r i e s  I11 and I V .  During Test Series I and I1 only the methane feed  
l i n e  p r e s s u r e  was monitored.  Figure 5 1  schematical ly  illustrates the  
evolua t ion  of  the  gas  loading ,  pressure  moni tor ing ,  and  assoc ia ted  e lec t r ica l  
control  systems a 
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INSTRUMENTATION SYSTEM 
NASA/Langley provided and operated the pressure t ransducer  system as 
w e l l  as the photographic system. The systems  were  developed  by NASA/Langley 
p r i o r   t o  -the present. program and are extremely well  s u i t e d   t o  measure t h e  
generated s ignals  and photographical ly  record the progression of bal loon  
detonat ion 
The pressure  t . ransducer  sys tem provided  pressure- t ime-  h is tor ies  and  
arr ival .  t ime data  of  the shock front  at var ious  loca t ions ,  An a r ray  of  
s i x  t r a n s d u c e r s  were ava i l ab le .  One of  the t ransducers  was always  posit ioned 
such t h a t  it was at. a poin t  200 fee t  d i s tan t  f rom the  ba l loon  on a l i n e  normal 
t o  t h e  l o n g i t u d i n a l  axis of  the balloon and coincident with the balloon center.  
The remaining f ive t ransducers  were pos i t ioned  at var ious  poin ts  on a l i n e  
p a r a l l e l  w i t h  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  b a l l o o n .  F i g u r e s  7 through 1 0  present  
p rec i se  t r ansduce r  l oca t ions  fo r  t he  four t e s t  s e r i e s ,  Accumulated d a t a  was 
instantaneously recorded on magnetic tapes and played back through a system 
which reproduced the data  on paper  records,  
The photographic  system consis ted of  two Fastex cameras which operated 
a t  4000 frames  per  second, The f i lms  were  used  to  obta in  v isua l  a i r  shock 
records as wel l  as da ta  to  de te rmine  the  uni formi ty  of  the  de tona t ions .  All 




EXPERIMENTAL  RESULTS 
DESCRIPTION OF SBS ABRAY 
Tables I11 through V I  present an information array for the specimens 
t e s t e d  i n  Test, Ser ies  I, 11, 111, and I V  respectively.  The array i s  
organized on the following basis. 
Tables I I I ( a )  through VI(a) associate  the NASAILangley Sonic Boom 
Simulat,ion (SBS)”Number with the test  conditions.  Figures 52 through 66 
presen.t the ball.oon configuration associated with a par t icu lar  SBS  Number. 
The tables define the purpose of a shot as wel l  as the  volume of detonable 
gas and associat,ed TNT equivalent. 
Tables I I I ( b )  t.hrough VI(b) summarize f i e l d  d a t a  and observations 
r e l a t ive  t o  balloon posit<ioning and ba l loon  inf la tab i l i ty .  The  column 
deno?e3 by ( H I  indicates  t.he height above t h e  ground of the  hor izonta l  
cen ter l ine  c f  a par t5cular  specimen immediately p r i o r  t o  i g n i t i o n .  The 
col.umn dencted by ( C )  indicates the distance from the specimen’s longitudinal 
min-point t o  ground-zero fsee Figures 7 through 10 for  def ini t ion of  ground- 
zero and t ransdurer  posi t ions during the four  tes t  ser ies) .  6R means t h a t  
t he  specimen mid-point wa.s 6 f ee t  t o  the  r igh t  o f  ground-zero while bL means 
tha t  t he  specimen mid-point, w a s  4 f e e t  t o  t h e  l e f t  of ground-zero. The 
column denot.ed by (Posit ioning Comments) r e f e r s  t o  a general  qual i ta t ive 
evaluat.ion of specimen deployment vis-a-vis  the  t.ransducer  array. The 
column denoted by (Overpressure) refers to the actual balloon overpressure 
i n  guage inches of water immediately prior to specimen detonation. The 
column denoted by ( In f l a t  abi l i t y  Comments ) r e f e r s   t o  a general  qual i ta t ive 
evaluation cf the balloon shape after inflat.ion, i .e  I , i f  the specimen was 
t.o be a cylinder , d i d  it. appear t o  be a cylinder upon in f l a t ion .  
Tables I I l f c )  through VI(c) document the  ign i t i on  mode, type of igni t ion 
device, presence or  absence of detonating cord, type o f  detonating cord, 
de+onating cord position , and f i e l d  comments  which include any anomalies and 
visual-audio evaluations of the event,s. 
The ordy non-self-descriptive parameter in Tables I11 through V I  i s  
t he  s c - l i d  explosive equivalent denoted by (TNT Equiv. )s The basis  of t he  
equival.ence computation i s  described i n  the following section. 
Det.onable Gas Mixture Equivalence 
I n  order t o  employ the vast amount of information available pertaining 
to  sol id  explosive blast .  phenomena i t  i s  desirable  to  obtain sol id  explosive 
equivalents  far  mixt,ures  of  detonable  gases. GARD, through  the  years of ex- 
perience with det.onable gases has found that the most r e l i a b l e  method of ob- 
t .ain.ing solid explosive equivalents i s  on the basis of equating energy release. 
 typical..!^, knowing t h a t  1 gram of TNT releases  1000 calor ies  of energy and a l so  
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being able t o  compute t h e  energy release of a detonable gas under any conditions, a 
TNT equivalent i s  readi ly  computable as follows. The parameters which 
are  necessary to  compute TNT equivalents axe def ined in  the fol lowing 
t.abulation: 
a )  Nominal  volume of  in f la ted  specimen in  cubic  feet ,  V . 
b) mole ra t ios  of  methane and oxygen, % and xo, respectively. 
c) balloon guage overpressure in inches of water, pH. 
d )  reaction energy release of gas mixture in ft-lb/lb, eR. 
n 
The formulation  sequence i s  as follows: 
i )  Compute the  spec i f ic  volume of the  gas  mixture, Vo f t 3 / l b  
vo = 
P 
where R = mixture gas constant , ft-lbF/lbM-OR 
T = temperature, degrees Rankine 
p = absolute pressure of mixture, psf 
and R = R, 
Xm Mm + " 0 ~ 0  
where Ro = universal gas constant 
Mm = molecular weight of methane 
Mo = molecular weightof  owgen 
ii) C0mput.e the  weight  of  the  gas  mixture, WG, from: 
WG = v n 
V 
0 
iii) Compu,te the energy release,  ER,  when the  gas  mixture i s  de- 
detonated f.rom: 
E = e  W 
R r G  
i v )  Compute the solid explosive  equivalent, WTNT, from: 
= ER/.l. 4 x 10 6 'TNT 
where 1,4 x lo6 f t - l b / l b  i s  t h e  energy released from one pound of TNT. 
36 
APPENDIX I1 
PEAK  PRESSURE AND DURATION DATA 
Tabl.es V I 1  through X tabula te  the  sum t o t a l  of all quant i ta t ive  da ta  
obtained during the program. Figures 1 6  and 67 def ine the data  tabulated 
with reference t o  a typ ica l  pressure  s igna ture  in  the  f i r m  of a c l a s s i c a l  
N-wave.  The microphone arrays for  a pa r t i cu la r  s e r i e s  are as previously 
indica.t:ed i n  Figures 7 through 10. 
EXPERIMENTAL  PRESSURE  SIGNALS 
Figure 69 through 110 present the experimentally measured pressure- 
time signals. Figure 68 provides a key a s  to  in t e rp re t a t ion  o f  t he  
s ignals  
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100 Ft .  Primacord 
TABLE. I11 ( a )  
SPECIMEN  DESIGNATION - TEST  SERIES I 
Detonator 
50 Ft .  Primacord 
2 Ft.  x 2 Ft. Cylinder 
3 Ft.  x 3 Ft. Cylinder 
5 Ft.  x 5 Ft. Cylinder 
1 Ft.  x 20 Ft. Cylinder 
2 Ft.  x 20 Ft. Cylinder 
3 F t .  x 20 Ft. Cylinder 
1 Ft.  x 100 Ft. Cylinder 
PURPOSE 
Ignition Disturbance Effect 
Ignition Disturbance Effect 
Ignition Disturbance Effect 
Point Source Investigation 
Point Source Investigation 
Point Source Investigation 
Effect o f  Length and Diameter 
Effect of Length and Diameter 
Effect of Length and Diameter 















































TABLE 111 ( b )  
SPECIMEN  POSITIONING - TEST  SERIES I 
POSITIONING OVERPRESSURE 

























Good cylindrical  shape 
Poor cylindrical  shape 





TABLE I11 ( c )  
SPECIMEN I G N I T I O N  - TEST  SERIES I 
DETONATING CORD 




















23000 Excellent Sharp crack report ,  shot 
successful. 
Over  Range 
Center 




23000 Excellent Sharp crack report  , shot 
successful. 
Over  Range 
Center 
NONE "_ Sharp crack report  , spherical  
f i reba l l ,  shot  succesfd .  
Over Range 
Center 
NONE _" Sharp  crack report ,  spherical  
f i rebal l ,  shot  successful .  
Over Range 
Center 
NONE "- Sharp crack report  spherical  
f ireball ,  shot successful.  
Outboard Micro- 
phone End 





23000 Poor Shot successful. 
23000 Poor Microphone end 10 f t .  detonated 
bet ter  than tower end 10 f t .  
indicative of poor gas mixing i n  
tower end 10 f t .  s ec t ion .  
4-foot Inboard 
Microphone End 
23000 Excellent Last 10 f t .  s e c t i o n  at tower end 
did  not  detonate well. Debris 
from t h i s  1 0  f t .  s e c t i o n  was not 
pulverized but i n   t h e  form of 
5 f t .  x 3 in .  s t rands.  Indicat ive 
of poor mixing i n  tower end 
10 f t .  s e c t i o n .  
TABLE IV ( a )  













NO. DESCRIPTION PURPOSE 
11-1 1 Ft . x 50 Ft.  Cylinder Igni t ion  Effec ts  
11-2 1 Ft .  x 50 Ft.  Cylinder Igni t ion  Effec ts  
11-3 1 Ft .  x 50 Ft.  Cylinder Igni t ion  Effec ts  
11-5 1 Ft. x 50 Ft. Cylinder   Igni t ion  Effects  
11-4 1 Ft . x 50 Ft.   Cylinder  Ignit ion  Effects 
11-6 1 Ft .  x 50 Ft .   Cyl inder   Igni t ion  Effects  
11-7 1 Ft .  x 50 Ft. Cylinder  Ignit ion  Effects 
11-8 1 Ft .  x 50 Ff.  Cylinder  Ignition  Effects 
11-9 1 Ft. x 50 Ft.  Cylinder Load Patch  Effect 
11-10 1 Ft .  x 50 Ft.  Cylinder Load Patch and Primacord 
Augrnented Detonator Effects 
NOMINAL3 
VOL. (F t  ) 
39 * 27 
39.27 




39 * 27 
39 27 
39 - 27 
















































TABLE  IV (b) 
SPECIMEN  POSITIONING - TEST  SERIES I1 
POSITIONING OVERPRESSURE 









Mi  crophone  End 5 
12-112 ft.  section  about 















TABLE I V  ( c )  














~ ~ 1 0 6  
~ ~ 1 0 6  







~ ~ 1 0 6  
~ ~ 1 0 6  
~ ~ 1 0 6  




4 f t .  inboard 
from micro- 
phone end 
4 f t .  inboard 





4 f t .  inboard 
from micro- 
phone end 
4 f t .  inboard 
from tower end 
4 f t .  inboard 
from tower end 
4 f t .  inboard from 
microphone end 
1 f t .  inboard from 
microphone end 
1 f t .  inboard from 
microphone end 
DETONATING CORD 
DETONATION  VELOCITY  DETONATING CORD 
( FPS  POSITIONING 
23000 Good 
23000 Good 











Extremely loud report and 






Shot successful. See page 11 
for  wind response discussion. 
Shot successful. See page 11 

























TABLE V ( a )  
SPECIMEN  DESIGNATION - TEST  SERIES I11 
SPECIMEN 
DESCRIPTIOCT 
Truncated Cone, 1 ft .  d ia .  
towards microphone 
Truncated Cone, 1 ft .  d ia .  
towards  tower 
Symmetric I r r e g u l a r  
Cylinder 
Unsymmetric I r r egu la r  
Cylinder (15  f t .  ) ,  0.50 
f t .  dia. toward microphones 
Unsymmetric I r r e g u l a r  
Cylinder (10  f t .  ) , 0.50 
f t .  d i a .  towards  microphones 
Truncated Cone, 1 ft.  dia .  
towards microphones 
Tri-diameter Cylinder 
10 f t .  section towards 
microphones 
Unsymmetric I r r e g u l a r  
Cylinder (10 f t .  ) ,  1 . 4  f t .  
dia. towards microphones 
Symmetric I r r egu la r  
Cylinder 
Regular Cylinder 
1 . 4  f t .  x 30 f t .  
PURPOSE 
Shape Effec t  
Shape Ef fec t  
Shape Effec t  
Shape Effec t  




34.24  3.44 




Shape and Size   Ef fec t  54.97 
Shape Effect  62.52 
Shape Effect  38.40 
Shape Effect  42.20 
Control  Speciaen  for 46.17 











































TABLE V (b  ) 
SPECIMEN  POSITIONING - TEST  SERIES  I11 
POSITIONING  OVERPRESSURE 


























TABLE V ( c )  















Exter ior  to  
M i  crophone End 
Exter ior  to  
Microphone End 
Exter ior  to  
Microphone End 
E x t e r i o r   t o  
Microphone End 
Ex te r io r   t o  
Microphone End 
Exter ior  to  
Microphone End 
Ex te r io r   t o  
Microphone End 
Ex te r io r   t o  
Microphone End 
Ex te r io r   t o  
M i  crophone End 
Exter ior  to  
M i  crophone End 
DETONATING CORD 
DETONATION VELOCITY DETONATING CORD 










































IV-  3 
I V -  4 





I V - 1 1  
IV-6 
I V -  7 
TABLE V I  ( a )  
SPECIMEN  DESIGNATION - TEST SERIES I V  
SPECIMEN 
DESCRIPTION 
I r r egu la r  Cy l inde r  
I r r egu la r  Cy l inde r  
I r r egu la r  Cy l inde r  
Regular Cylinder 
Simulated Hawkins & 
Hicks, 50 f t .  , 
Stra ight  S ides  
Simulated Hawkins & 
Hicks, 50 f t .  , 
Curve d S i  des 
I r r egu la r  Cy l inde r  
Simulated Hawkins & 
Hicks, 80 f t .  , 
Stra ight   S ides  
Simulated Hawkins & 
Hicks, 80 f t .  , 
Curved Sides 
I r r egu la r  Cy l inde r  
I r r egu la r  Cy l inde r  
PURPOSE  NOMINAL VOL. (F’t3) 
Produce N-wave 32.5 
Produce N-wave 34.76 
Produce N-wave 72.35 
Pyrocore  Ignit ion  39.2 
E f f e c t  
Attempt t o  Reproduce  219.3 
Signatures Measured by 
Hawkins and Hicks 
Attempt t o  Reproduce  257.0 
Signatures Measured by 
Hawkins and Hicks 
Produce N-wave 148.9 
Attempt t o  Reproduce 48.1 
Signatures Measured by 
Hawkins and  Hicks 
Attempt t o  Reproduce  53.55 
Signatures Measured by 
Hawkins and  Hicks 
Produce N-wave 259.9 
Produce N-wave 259.9 












102 17 0 
10 3 17 2L 
104 17 0 
10 5 15 1F 
106 15.33 2L 
10 7 
108 
15 .33  2L 
15 17 0 
15 .5  0 
15.5 0 
15 .5  0 
15.5 0 
TABLE V I  ( b )  
SPECIMEN  POSITIONING - TEST SERIES I V  
POSITIONING 
COMMENTS 
OVERPRESSURE  INFLATABILITY 
(INCHES OF WATER) COMMENTS 
Excel len t  8 Excel len t  
Exce l l en t  6 Exce l len t  
Exce l l en t  8 Excel len t  
Good 8 Good 
10 f t .  s e c t i o n   n e a r -  9 .2  
est microphones i s  
1 f t .  t o o  h i g h ,  10 ft. 
s e c t i o n  n e a r e s t  tow- 
e r  i s  6 i n .  t o o  low 
Tower end of ba l loon  
is  6 i n .  t o o  h i g h  
Microphone end of 
ba l loon  i s  1 f t .  
t o o  h i g h  
Exce l l en t  
Exce l len t  
Exce l l en t  
Exce l l en t  
8.5 
8 
Excel len t  
Exce l len t  
Exce l l en t  
Exce l len t  
Exce l len t  
Good 












E x t e r i o r   t o  
Microphone End 
Ex te r io r   t o  
Microphone End 
Exter ior  t o  
Microphone End 
E x t e r i o r   t o  
Microphone End 
Exter ior  t o  
M i  crophone End 
E x t e r i o r   t o  
Microphone h d  
Exter ior  t o  
Microphone End 
E x t e r i o r   t o  
Microphone End 
Ex te r io r   t o  
Microphone Ehd 
E x t e r i o r   t o  
Microphone End 
E x t e r i o r   t o  
Microphone End 
TABLE V I  ( c )  
SPECIMEN I G N I T I O N  - TEST SERIES I V  
DETONATING CORD DETONATING CORD 
DETONATION VELOCITY (FPS) POSITIONING 
23000 Excellent 
2 3000 Excellent 
23000 Excellent 



















Incomplete  deton- 
ation, judged 
as a poor shot 





Misf i re ,  methane 
regula tor  fa i led  
and did not admit 
methane 
Excellent Shot 
TABLE V I 1  
PEAK  PRFSSURE AND DURATION DATA* 
TEST SERIES I 
POSITIVE NEGATIVE 
ARRIVAL POSITIVE  POSITIVE SEPARATION NEGATIVE NEGATIVE PEAK  PEAK 
t a  t l  t2 to t3 t4 P  P 
SBS MICROPHONE TIIm RISE TIME DECAY TIME TIME DECAY TIME RISE TIME PRESSURE  PRESSUFE 
NO. MICROPHONE LOCATION 
p o s i t i v e   n e g a t i v e  
70 A 19 0 172.5 1.5 1.5 " 2 4 11.7 6.76 
B 200 142 1.5 2 85 2.5 2.5 1.51 0.42 
C 200 142 1.5 2 85 2.5 2.5 1.56 0.45 
D 35 0 2 72 1 4 83 3 4 0.52 0.26 
E 350 2 72 1 4 83 3 4 0.54 0.21 
F 500  401 1.5 3.5 83  3.5 3.5 0.22 0.13 
71 A 19 0 171 .25 .75 " .75 1.25 0.62 0.52 
B 200  182 .25 .75 " .25 .75 0.50 0.20 
C 200  182 .25 .75 " * 25 .75 0.47 0.19 
D 350  312  .25 .75 " 0 0 0.12 Unreadable  
E 350 312  .25 - 75 " * 25  .25 0.16 0.09 
F 500 441  .25 .75 " Unreadable   Unreadable  0.10 0.03 
72 A 19 0 178 1.0 1.5 " 2 4 25.2 12.2 
B 200 16 8 0.5 1.5 40 3 4 1. og 0.31 
C 200 16 8 0.5 1.5 40 3 4 1.16 0.42 
D 350 298 1 5 37 3 4 0.48 0.23 
E 350 298 1 5 37 3 4 0.59 0.27 
F 500 428 1 5 36 4 4 0.20 0.14 
* See  Figures  16 and 67 for  d e f i n i t i o n s  of columnar  headings .  
TABLE VI1 (CONTINUED) 
POSITIVE 
P M  
PRESSURE 
P 






ARRIVAL POSITIVE  POSITIVE NEGATIVE  NEGATIVE 
MICROPHONE TIME RISE TIME DECAY TIME DECAY TIME RISE TIME 
LOCATION ta t2 t 3  t4 
SBS 
NO. MICROPHONE 
15.2 7.83 73 A 




200 182 1 4 3  6 C 
350 311 2 4 3 4.5 6.8 D 
6.5 35 0 31 1 1 4 2 7 E 
F 
7’1 A 
500 4 39 2.5 4 3.5 4.5 4.2 3.29 
25.0 13 .1  
1 4 . 1  200 179 1 . 5  5 3.5 8 23.9 
24.0 200 179  1.5  5  3.5 8 14.2 
7.88 
7.88 
350  309 2 5 4 6 
350  309 2 5 4 6 








24.8 190 170 1 8 9 1 0  
200 177 2 7. 6 11 
52.4 
23.6 51.2 
54.4 24.1 200 177 2 7 6 11 
350 317 2 8 10 9 26.4 11.9 
12.7 26.9 35 0 31  8 2 8 10 9 E 
F 500 436 2 9 10 9 17.2 9.53 











































































1 .5  



































1 3  
1 3  
13 
1 3  
















































































































2 . 5  
POSITIVE NEGATIVE NEGATIVE 
DECAY TIME DECAY TIME R I S E  TIME 
6  6 4 
27 33 7 
27 27 7 
29 33 6.5 
29 33 6 .5  























TABLE V I 1 1  
PEAK  PRESSURE AND  URATION  DATA 












ARRIVAL POSITIVE POSITIVE NEGATIVE NEGATIVE 















166 2 15 35 6 B 
C 
10.8 3.21 
3.24 16 7 2 15 35 6 11.9 
298 2 16 33 6 6.14 2.08 350 
350 
500 




42 8 2.5 16 34 6 3.90 
66.7 
cn 

















169 1 5 5 6 
16 8 1 35 13 11 
56.8 27.4 
10.30 2.86 
168 1 35 13 11 2.62 10.72 
299 2 34 12  13 5.00 1.73 
E 
F 
299 2 34 12 13 









































D a t a  t o o  i r r e g u l a r  
t o  b e  r e d u c i b l e .  
TABLE V I 1 1  (CONTINUED) 
POSITIVE 
POSITIVE  NEGATIVE I'EGATIVE PEAK 
RISE TIME DECAY TIME DECAY TIME RISE TIME PRFSSLJRE 

















































































TABLE VIII (CONTINUED) 
POSITIVE 
RISE TIME 

















































































































































RISE TIME DECAY TIME 
tl t 2  
NEGATIVE 
RISE TIME SBS MICROPHONE 
NO.  MICROPHONE LOCATION L4 
89 A 200 3 6 8 
B 200 163 3 5 
3 5 
43 7 15.9 
16.1 
3.70 
C 200 163 43 7 3.93 
294 8.18 D 3 50 
E 3 50 
3 5 43 7 1.92 
2 93 3 5 43 7 7.35 1.70 
F 500 3 5 43 7 5.19 1.30 
TABLE I X  
PEAK PRESSURE AND DURATION DATA - TEST  SERIES 111 
SBS 




















































































l a  .3 
22 .o 

























































































































































































































































































































































































































































RISE TIME SBS 
NO. MICROPHONE 
MICROPHONE 
LOCATION b a 
99 A 
B 
200 0.6 6.4 8 .9  
24.8 
3.2 























F 2.1 9.7 2.79 
TABLE X 

















N E A T  IVE NEGATIVE 
DECAY  TLME R I S E  TIME 
t 3 t4 
7 4 
POSITIVE 






















200 174 1 57.4 
16 16 10 4.96 200 176 2 10.1 


























174 1 8 3 



















17 16 9 
8 7 
2.04 




22 10. 5 
20 









20 10 2.74 
1.34 15 13 2.11 









































































































































































































TABLE X (CONTINUED) 
POSITIVE POSITIVE 


















1 5  
1 6  
16  
17 
































































'pos i t ive  
99.6 
A F 3 I V A L  POSITIVE 
TIME RISE TIME 
ta 5 .  






























200 11 11 7 






4.52 295 1 20 37 25.5 





34 1 6  .o 3.46 





13 .o 5.56 
9.36 3.66 
5 a 3 1  2.74 
200 168 1 11 1 3  
200 159 1 27 35 
300 2 91 2 26 35 
300 291 2 26 35 
500 423 2 2e 34 













Figure I 3 TYPICAL SONIC BOOM GENERATION. 
66 
h AMBIFNT I ""_ "" "& 
1











PRIMACORD DENSITY p 
SCHEMATIC DIAGRAM OF THE PRESSURE PROFILE 
DUE TO A SINGLE UNIFORM STRAND OF PRIMACORD. 




PRIMACORD DENSITY - PS 
9 4  







c PRIMACORD LENGTH L5 
SPATIAL  DISTRIBUTION OF PRIMACORD  STRANDS SHOWING LENGTHS 8 DENSITIES. 
Figure 4, SCHEMATIC DIAGRAM SHOWING EXPERIMENTAL CONSTRUCTION 
OF A N-WAVE USING MULTIPLE  STRANDSOF PRIMACORD. 





DETONABLE GAS CONTAINER 
/-PRIMACORl? OFTnNATnR 
/ 
L H E  BALLOON. 1 AXIAL CENTERLINE OF 
Figure 5 ,  SONIC- BOOM SIMULATOR USING DETONABLE GASES. 
70 





Figure 7 - MICROPHONE ARRAY FOR TEST SERIES I 
! Ground 
I cnr  
' I 1200' 
I n n  "" I 
Figure 8 - MICROPHONE ARRAY FOR TEST SERIES I1 






350 ' i 
Figure 9 - MICROPHONE  ARRAY FOR TEST  SERIES 111 
I~ ’  1 
Ground c o  -I- 




n r I 
I 
v U v B 1’ 
I I 200’ 
Figure 20 - MICROPHONE ARRAY FOR TEST SERIES IV 
Note, Poor Primacord Installation. 
Figure I I  , PRIMACORD  INSTALLATION, SBS 77. 
76 
FRAME NS 0 ,  TIME 0 .  msec. 
FRAME NIL 6 ,  T IME 1.375 mrec. 
FRAME N t  7, TIME  1.625  marc. 
FRAME NE 2 2 ,   T I M E   5 . 3 7 5 m i r c .  
FRAME N* 32, T I M E   7 . 8 7 5  marc. 
FRAME N* 5 2 ,   T I M E  12.815 m u c .  
~~~ 







- 0  
TO MICROPHONE 0 
ARRAY 
-: 
P PRIMACORD  DETONATION A 
10 
DISTANCE ALONG CYLINDER 
20 
Figure 13, F I R E B A L L   H I S T O R Y  
78 
0 I 3 
T I M E  rJ MSEC 
Figure 14, AXIAL AND RADIAL MOTION  OF  IREBALL 
SONIC  BOOM  SIMULATOR. 
( I '  X 20') Cylindrical  Source 
4 
79 
Figure 15 , 
Denotes  Pressure  Transducer 
For Location see Figure 7. 
" 8 -  
ly c -  
c 
2.06 
- 0 -  
5.14 -A 
& 1 0 0  200 300 400 
T I M E  Nmsec. 





























c t 3  
NEGATIVE  NEGATIVE 
DECAY TIME RISE TIME 























Q - SBS - 73,  2'X2' 
b -  SBS - 74, 3'X3' 
V - S B S  - 75, 5'X5' 
m -  SBS - 76, I ' X  20' 
e- SBS - 77. 2'X 20' 
~ - S B S  - 78. 3'x 20' 
"SBS - 79,  I'X 1 0 0 '  
a-SBS - 80. I' X 50' 
h-SBS - 81, I' X 50' 
d-SBS - 82, I ' X  50' 
" 0  + n  0 - S B S  - 86, I' X 50' 
88 a eo a - S B S  - 87, 11 x 50' 









1 0 0  
R A N G E  - - R 
D 
Figure 17, PEAK OVERPRESSURE VS  REDUCED  RANGE 



























Figure 18, PEAK OVERPRESSURE  VS REDUCED  RANGE 
CYLINDRICAL ENVELOPES DETONATOR IGNITION ONLY. 
83 
0 SBS - 73 2'x 2' 
0 SBS - 74 3 ' X S  
v SBS - 75 SX5' 




" \  
" \  
\ 
20 1 0 0  
R A N G E  -- R+L D 
loa, Zoo0 
19, MAXIMUM AMPLITUDE OF NEGATIVE OVERPRESSURE VS 
REDUCED  RANGE FOR CYLINDRICAL ENVELOPES DETONATOR 




















1oOr a SBS - 76 I'X 20' 
t- 
e SBS - 77 2'x201 
e SBS - 7 8  3 ' X 2 0 1  
SBS -79 I ' X  1 0 0 '  
a SBS - 80 I ' X  50 '  
0 SBS -99  1.4'X30' 
NOTE: DATA POINTS IN PARENTHESES  ARE  OMITTED 
FROM  LEAST  SQUARE FIT. ( SW pop. If.) 
30 1 0 0  l a 3 0  2 m  
. R A N G E  - - R D 
Figure 20, PEAK OVERPRESSURE VS REDUCED RANGE 
CYLINDRICAL ENVELOPES, PRIMACORD  RIVEN 

































0 SBS -76 I'X  20' 
e SBS -77  2 ' ~  20' 
Q SBS - 78  3 ' X  20' 
SBS -79  I' X 1 0 0 '  
Q SBS - 8 0  I ' X  50' 
Q SBS - 99 l.4'X 30' 
NOTE : DATA POINTS IN PARENTHESES  ARE  OMITTED 
FROM LEAST  SOUARE FIT. l So0 pap0 17.) 
I 
30 1 0 0  2000 
RANGE - - R + L  
D 
21, MAXIMUM AMPLITUDE OF NEGATIVE OVERPRESSURE VS 
REDUCED RANGE FROM TOWER END, PRIM ACORD DRIVEN 









C - LOCAL  VELOCITY OF SOUND. 
D, - DIAMETER OF BALLOON MICROPHONE END. 
t '  - DEFINED ON PAGE IT.  
SBS-73 
A SBS-74 




0 IC0 200 300 400 500 
NONDIMENSIONAL  RANGE - R 
Dl 
Figure 2 2 ,  ANOMALOUS  DURATION VS REDUCED DISTANCE, 
























a SBS - 80 note I A  
A SBS - 81 note 18 
Q SBS - 82 note I C  
Note 
I. Ignited  at 
A. Microphone  End. 
8. Tower End. 
C.  Center. 
60 1 0 0  







Figure 23, PEAK  OVERPRESSURE VS REDUCED  RANGE 
I 'X 50'CYLlNDRlCAL ENVELOPES, PRIMACORD DRIVEN 
DETONATION, EFFECT OF POSITION OF IGNITOR. 
88 
I 
.._ . . . . . . . . . . .
SBS - 80 note I A  
A SBS - 81 note 18 
o SBS - 82 note I C 
Note 
I .  Ignited  ot 
A. Microphone End. 
B. Tower End. 
C. Canter. 
loa, 
R A N G E  - - R + L  
D 
4000 
Figure 24, MAXIMUM AMPLITUDE OF NEGATIVE OVERPRESSURE VS 
REDUCED RANGE, I' X 50' CYLINDRICAL ENVELOPES, 
























0 . 7  
o SBS - 80 note 28 ---- a SBS - 81 note 2 A  -.-.- SBS - 86 note I A  
-..-- th SBS - 87 note I B 
Note I .  Gos only, Ignited ot 
A .  Tower End. 
B .  Microphone End, 
A .  Tower End. 
B. Microphone  End. 




R A N G E  - 0 R 
lar, 3000 
Figure 25, COMPARISON OF PEAK OVERPRESSURES VS RANGE,DETONATlON 
OF I' X 50'CYLlNDRlCAL ENVELOPES WITH GAS  ONLY AND 










































* O r -  
v SBS - 80note 28 ----- 0 SBS - 81 note 2 A  
-.-.- LI SBS - 86 note I A ---- P SBS - 87 note I B 
Note I .  Gas only, Ignited at 
A. Tower End. 
B. Microphone  End. 
A .  Tower End. 
8. Microphone End. 
IO 2. Gas, Driven by Primacord, Ignited at 
I .o 
0.3 
60 1 0 0  lo00 
J 
3000 
R A N G E  - - R C L  D 
26, COMPARISON OF MAXIMUM AMPLITUDE OF NEGATIVE 
OVERPRESSURE FOR DETONATION OF I'X 50' CYLINDRICAL 


























Q SBS - 86 note IA 
A SBS - 87 note 2A 
m SBS - 86 note 2 8  
v SBS - 89 note 2C 
Note. 
Ignition  at 
I .  Tower End. 
2. Microphone End. 
Load Patch Spacing 
A .  IO' Small Ignitor. 
E. 12.5' Srnoll Ignitor. 
C .  25' Large Ignitor. 
50 I 
R A N G E  - - R 
D 
ooo 3000 
Figure 27,. PEAK  OVERPRESSURE VS REDUCED  RANGE, 
I ' X  50' CYLINDRICAL  ENVELOPE, GAS  ONLY 
EFFECT OF POSITION OF  IGNITOR 




60 1 0 0  
Q SBS - 86 note IA.  
A SBS - 87 note 2 A  
E SBS - .a8  note 28  
v SBS - 89 note 2C 
Note. 
Ignition at 
I. Tower End. 
2. Microphone End. 
Load Patch  Spacing 
A .  IO' Small Ignitor. 
B. 12.5' Small Ignitor. 
C. 25' Large  Ignitor. 
lll 
R A N G E  - - R + L  D 
Figure 28, MAXIMUM  AMPLITUDE OF NEGATIVE  OVERPRESSURE VS 
REDUCED RANGE, I 'X  SO'CYLINDRICAL ENVELOPE ,GAS ONLY 
EFFECT OF POSITION OF IGNITOR 
EFFECT OF LOAD  PATCH SPACING 
EFFECT OF SIZE OF IGNITOR. 
93 
I-30”1 
SBS - 90 
SBS - 93 
r-“ 3 0 ‘ ” 7  
30‘ I 
SBS - 92 
SBS- 98 
SBS - 99 SBS - 9 6  
Note.  Pressure  Transducer  array located to the  r ight for al l   shapes. 






















50 1 0 0  
D, - DIAMETER OF BALLOON MICROPHONE END. 
Q SBS - 90 
A SBS - 91 
v SBS - 92 
SBS - 93 
E SBS - 94 
0 SBS - 95 
Q SBS - 96 
h SBS - 97 
4 SBS - 98 
o SBS - 99 
\\4 d 
\ 











R A N G E  - E n. 
'I 
Figure 30, PEAK  OVERPRESSURE  VS  REDUCED  RANGE, 






0,- DIAMETER OF BALLOON TOWER  END. 
0 SBS - 90 
Q SBS - 91 
SBS - 92 
a SBS - 93 
x SBS - 94 
8 SBS - 95 
0 SBS - 96 
0 SBS - 97 
B SBS - 98 
Q SBS - 99 
" 
\u 
\ a  




fit to Primocord driven, 
\Q 
1 0 0  
\ 





1 0 0 0  3000 
Figure 31, MAXIMUM AMPLITUDE OF NEGATIVE OVERPRESSURE  VS 




//- SONIC WAVE IN UNDISTURBED AIR 
-L- 
ORIGINAL POSITION OF ENVELOPE 
Figure 32, CHARACTERISTIC  DIAGRAM  SCHEMATIC  SHOWING 
ATTENUATION OF SHOCK FRONT AND LOCATION OF 
FAR - FIELD PRESSURE  MAXIMUM. 
97 
50F 
D, - DIAMETER OF BALLOON MICROPHONE END. 
s, - BALLmN SLOPE YICROPHONE END. 
0 SBS - 90 
A SBS - 91 
V SBS - 92 
0 SBS - 93 
zl SBS - 94 
8 S B S  - 95 
e S B S  - 96 
b SBS - 97 
A SBS - 98 
0 SBS - 99 




50 1 0 0  l a x ,  3000 
R A N G E  cv - 
D, + 5S, 
R 
Figure 33, PEAK  OVERPRESSURE VS REDUCED  RANGE, 
CORRECTED FOR SLOPE OF NEAR CONICAL SECTION, 
COMPOSITE, SERIES m 
D2 - DIAMETER OF BALLOON  TOWER END 
S2 - BALLOON SLDPE TOWER END 
Q SBS - 90 
A SBS - 91 
V SBS - 92 
SBS - 93 
x SBS - 94 
e SBS - 95 
SBS - 96 
b SBS - 97 
4 SBS - 98 
































40 1 0 0   1 0 0 3  2ax) 
R A N G E  - - R + L  
0,- 5S, 
34, MAXIMUM AMPLITUDE OF NEGATIVE OVERPRESSURE VS 
REDUCED RANGE, CORRECTED FOR SLOPE OF REAR CONICAL 
SECTION, COMPOSITE SERIES I I t .  
r 
SBS-106 f, SBS- IO7 p "-- 
" -"-" " /" 
TYPICAL HAWKINS 8 HICKS 
SIMULATOR CHARGE DISTRIBUTION 
SAWTOOTH DISTRIBUTION 
AVERAGE  DISTRIBUTION 
LENGTH ALONG SIMULATOR 
BALLOON RADII 
SBS - 106 = 0.603 + 0 . 0 3 8 2  X 
SBS -107 = 0.603 t 0 . 1 7 3 f i  
LINEAL CHARGE DENSITY, - d W  dx 
SBS-106 a (0 .603+ 0.0382X) '  







0 .4  
N 




0 IO 2 0  
X - Feet. 
Figure 35 ,  COMPARISON OF CHARGE  DENSITIES OF BALLOONS 
SIMULATING HAWKINS 8 HICKS SIMULANTS. 
100 
Figure 36, 




I 50.4 mse:. 
PREDICTED PRESSURE PROFILE FOR SBS- 102 
AS DEDUCED  FROM MEASURED PROFILES OF 
SBS- 93 AND SBS - 98 AT THE 200 FT. 
GAUGE STATION. 
101 
n I*  I 





Figure 37 BALLOON  CONFIGURATION TO OBTAIN N WAVE. 









TO MICROPHONE I -
ARRAY 
Figure 38, ALTERNATE  BALLOON  CONFIGURATION  TO  OBTAIN N WAVE. 
SBS - 103 
103 
T I M E  - msec. 
'1 +y Range = 300Feet. 
u ) o  
v) 
W a n - 4  
0 -50 
T I M E  - msec. 
T I M E  - msec. 
ACTUAL RECORD 
RANGE = 768 Feet 




I I I 
0 10 20 30 40 50 
T I M  E - msec. 
Figure 39, PRESSURE TIME HISTORIES AT VARIOUS RANGES, 
FOR SBS 102. (Illustrating development of N wove 1 
104 
r’ P 1 P 1 
RANGE = 200 Feet 
RANGE = 300 Feet. 
RANGE = 500 Feet. 



















ses 108 SBS 112 
20 30 40 
10.- 
0 -I ‘ 0  
-10.. k 7 : : k k  x) -20 - 10 0 50 -20 -1 0 x) 
0 
Timr - mrrc.  
Tlmr -msec. 
Tima - mrec. 
P 
l i m e  - mrec ~~ 
EO e 
P 




- 0  50 0 50 
Time - mrec.  Time - mrec.  Tim   “mcec. 
Figure 40, PRESSURE VS TIIdE AT VARIOUS RANGES AND SBS 
NUMBERS. (Showing approech to hl wove.) 
1 05 
- - - - - - - - - - - PREDICTED PRESSURE PROFILE, 
EXPERIMENTAL PRESSURE PROFILE. 
Figure 41 EXPERIMENTAL AND PREDICTED 
PRESSURE PROFILES FOR SBS - 102 





















l m  
R A N G E  - - 
Dl 
R 
D, - DIAMETER OF BALLOON AT MICROPHONE END. 
0 SBS - 102 
A SBS - 104 
B SBS - 108 
D SBS - 112 
X SBS - 103 
Figure 42, PEAK  OVERPRESSURE VS REDUCED RANGE 
N-WAVE ENVELOPES - SERIES I X .  
107 
9 SBS - 102 
rn SBS - 104 
v SBS - 108 
D SBS - 112 
Q SBS - 103 
RANGE - - R+L 4 
Figure 43, MAXIMUM AMPLITUDE OF NEGATIVE OVERPRESSURE VS 






0 SBS -102 
A SBS-104 
V SBS- 108 
0 SBS-112 
70 
6 0  






0 IO 20 30 40 50 60 70 80 
LENGTH OF BALLOON - FT. 
Figure 44, DURATION OF N-WAVE  PULSE  VERSUS 










0 100 200 300 
DURATION OF PULSE - MSEC 
0 50 100 150 200 250 300 
LENGTH OF BALLOON - L 
Figure 45, REQUIRED  RANGE FOR SONIC BOOM SIMULATIONS, 






w ~ > 
0 
I- 
0 SBS - 102 
A SBS-104 
B SBS - I08 
SBS-I12 
IO 
IO 100 300 
RANGE R/L 
Figure 46, PEAK  OVERPRESSURE VS RANGE NORMAL 









L X  
hressur ized   Cyl inder  (1) , ( 2 ) ,  ( 3 ) .  
All envelopes w i l l  be 
fabr ica ted  of 1 m i l  mylar 
with 20-25 l b / i n  
breaking strength.  
Envelope  seaming  per mlar Conduit or Detonator  Supp rt 
fabr ica tor ' s   op t on   such  Rubber Bushing 
t h a t  a f t e r  i n f l a t i o n ,  
nominal cross-sectional D-ring  and  Attachment Deta i l  
c i r c u l a r i t y  and longi- 
t ud ina l  s t r a igh tness  
a re  v i sua l ly  a t t a ined .  
Packing Instructions: 
Extend t o  f u l l  l e n g t h ,  
evacuate t o  m a x .  extent  
possible and accordian fold 
t o  optimum compactness. 
BNylon Cord Tethering Cable 
Detai l  A 
TYPICAL W P E D  END OF CYLINDER 
Deta i l  B 
NOZZLE SPECIFICATION AND 
CONDUIT CLOSURE 
Figure 47 Typical   Construct ional   Detai ls  
of a Cylindrical Balloon 
Figure 48, TYPICAL END GATHERING 
113 
BALLOON CHARACTERISTICS 
Length: 80.0 f e e t  
Diameter: 2.0 f e e t  
Mater ia l :  2 .0  m i l  Mylar 
Conduit & Tethering Systems 
as required.  
i I I I I I I I I 
0 10  20 30 40 50 60 70  80 
Quantity of Balloons 
Figure 49 - PRICE FACTOR VS.  QUANTITY OF 
SONIC BOOM ENVELOPES 
ATENARY  CABLE 
CYLINDRICAL ENVELOPE 
PLASTIC  TUBING ETHER  LINES 
OXYGEN LOADING LINE 
METHANE OR NITROGEN LOADING LlNE 
FILL PRESSURE MONITOR LINE 
/ AND 2 LOW PRESSURE SOLENOID VALVES 4 SOLENOID BLAST VALVES 
OXYGEN LINE 
ETHANE  LINE 





FLOW  REGULATOR 
PRECHARGE  PRESS 
GAGE 
CHARGE PRESSURE GAGE 
NITROGEN GAS  STORAGE CYLINDER 
Figure 50, SONIC BOOM SIMULATOR,DETONABLE GAS  LOADING SYSTEM SETUP 
115 
L. 
OXYGEN BALL VALVE 
NITROGEN B 4 L L  VALVE 
METHANE BILL vaLv ,o 811 011 
BALLOON PRESSUR 
TRANSOUCERlOlo 
GAS LOADING LINE 
PRESSURETRANSDUC 
I O  10 x4 PSI I 
,4 0lh w 
VALVE CONTROL 
UNIT 8 PANEL 
INTERNAL MLLCCU PRESSURE 
AND GAS LOIMNG  LINE PRESSURE 
YONITOR UNIT 8 PANEL. 
VOLT METER 
REMOTE CONTROLED BALL VALVES AND REMOTE PRESSURE MONITORING SYSTEM WIRING SCHEMATIC FOR TEST SERIES NO I AND N* 2 WiP 
OXYGEN FILL  LINE 
VALVE 
INTERNAL PRESSURE 
SOLENOID BLAST VALVE -IT 
ENVELOPE I1 
OXYGENC4METHANEWS 
FILL LINE PRESSURE METER 
~ ~~~~~ 
REMOTE  CONTROLLED  SOLENOID  VALVES  AND  REMOTE  PRESSURE  MONITORING  SYSTEM,  WIRING  SCHEMATIC FOR TEST  SERIES NO 3 AND NS 4 
Figure 51 GAS  LOADING  VALVES  AND  REMOTE  CONTROL  ELECTRONIC  SYSTEMS FOR TEST  SERIES I ;  2 AND 3; 4 




1. A l l  c y l i n d e r   e n d s  per Detail A ,  F i g u r e  47. 
2. Nozzles p e r  Detail B ,  Figure  47.  
Dn=5 0" 




L =20 lo"  n 
I -  1 
n 
L =?@ 0" 




1. All c y l i n d e r   e n d s   p e r  Detail  A ,  F i g u r e  47. 
2. K 5 z z l e s   F e r   D e t a i l  B ,  F i g u r e  47. 
3 .  T e t h e r   a t t a c h m e n t   a n d / o r   c o n d u i t   s u p p o r t   p e r   S e c t i o n  xx, F i g u r e  47. 
See Figure 47 for 
nozzle  and 
conduit  configurations r,Q Tether  Attachment and Figure 47 Conduit  SupDort  per  Section 
x f \ 
Figure 54 Specimen for SBS 79 
SBS-80 
SBS-81 
SBS-  82 
SBS- 86 
ra3-e7 
SBS- 8 5 
q " R ?  
SBS-84 
r 
Mylar  Conduit  (Typical  Five 
P laces  1 
Q Q Q Q 
I I 1 1 1 1 
1 
Notes 
A l l  specimens, D =1'0'' ; L = 50'0" 
1. A l l  cy l inde r   end2   pe r  Detgil A ,  F igu re  47. 
2 .  Nozzles per D e t a i l  B ,  F igu re  47. 
3.  Tether   a t tachment   and/or   condui t   support   per   Sect ion xx, Figure  47. 
4. Detonator   Support   per   Sect ion XX, F igure  47. 
Figure  55 Specimens for SBS 80 through 87 
! 
9 
SBS- 89 1 
Notes 
Both specimens = D =1'0"; L =5O 'O"  
1. A l l  cylinder  ends p"er Detai? A ,  Figure 47. 
2. Nozzles  per  Detail B ,  Figure 47. 
3. Tether  attachment per S e c t i o n H ,  F i g u r e  47. 
Figure 56 Specimens f o r  SBS 88 and 89 
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F i q u r e  57 E n v e l o D e   D e t a i l s   f o r  SB? 90 t h r o u g h  112 
General Notes 
1) Mylar c o n d u i t  s u p p o r t s  t o  b e  i n s t a l l e d  a t  7 . 5  f o o t  i n t e r v a l s  p e r  P r i m a c o r d  S u D p o r t  Detail on   F igure  57. 
2 )  T e t h e r i n g  s u p p o r t s  t o  be i n s t a l l e d  a t  envelope  ends  and a t  c e n t e r  of 30 f o o t  s p a n  p e r  T e t h e r i n g  
3) Loading  ducts  t o  b e  i n s t a l l e d  at  both  ends of envelope  per  Loading  Duct  Deta i l  on F i g u r e  57. 
4) A 40 f o o t  l e n g t h  o f  n y l o n  c o r d  t o  b e  i n s t a l l e d  i n s i d e  o f  t h e  m e t a l l i z e d  m y l a r  c o n d u i t  a n d  s e c u r e d  to 
5 )  Envelope   d imens ion   to le rance   to   be  2 0.25 i n c h .  
Detail on F i g u r e  57. 
each  end  o f  t he  condu i t .  
F i g u r e  58 Soecimens  for  SBS 90, 9 1 ,   9 2 ,   9 3  and 95 
General Notes 
Mylar   condui t   suppor ts   to  be i n s t a l l e d  , 
a t  7 . 5  foot i n t e rva l s  pe r  P r imacord  
Suppor t  De ta i l  on F igure  57. 
T e t h e r i n g  s u p p o r t s  t o  b e  i n s t a l l e d  a t  
envelope ends and a t  c e n t e r  of 30 f o o t  
m a n  p e r  T e t h e r i n g  D e t a i l  on F igure  57. 
L o a d i n g  d u c t s  t o  b e  i n s t a l l e d  at  bo th  
ends . f envelope per Loading Duct Detail  
on F igure  57. 
A 40 foot l eng th  of nylon cord to be  
i n s t a l l e d  i n s i d e  of t h e  m e t a l l i z e d  m y l a r  
condui t  and  secured  to  each  end  of t h e  
conduit..  
Envelope dimension tolerance to be 
+ 0 .25  i nch .  - 
D = l .  00' 
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General Notes 
1. Tolerance on a l l  dimensions i s  Ll". 
2. Loading  ducts t o  b e  i n s t a l l e d  at both 
ends of envelope per loading duct 
d e t a i l  on Figure 57. 
some iden t i fy ing  mark. 
3. I n d i c a t e  l e f t  end  of  specimen  with 
D=2.0' 
r 4" 
~ = 2 . 8 '  D=1.0' 
r-" - r 
Figure 60 Dimensional  Definition of  Specimens f o r  
SBS 102, 103 , 104, 105 , 108, 111 and 112 
SBS-105 I I I I I 
SBS-IOL I 1 
General Note 
1. I n s t a l l   t e t h e r i n g   s u p p o r t s  at 
des igna ted  loca t ions  per t e t h e r i n g  




Figure  61 Te the r ing  Details of SDecimens fo r  
SBS 102, 103, 104, 105, 108, 111 and 112 
r 
SBS-105 








Q 0 Genera l  Notes  
1. I n s t a l l   P r i m a c o r d   s u p p o r t s  as 
2. D o t t e d   l i n e s   d e n o t e   m e t a l l i z e d  mylar 
i n d i c a t e d  p e r  d e t a i l  of F i g u r e  57. 
Q condui ts .   Condui t   ends t o  b e  2s shown i n  l o a d i n g  d u c t  d e t a i l  of 
F i g u r e  57. - " " 
Q Q 9 Q 
Figure   62   Condu i t   Suppor t   De ta i l s  of SDecimens f o r  
SBS 1 0 2 ,  103, 104, 105, 108, 111 and 112 
D = l .  21' r D=2.77' r D=2*77'  f D=1.83' 
- 1- 16.31 - 4 -  13.'-] 
Tapered Segment Cyl indrical  Segment Tapered Segment 
General Notes 
1. Primacord  support   detail   per  Figure 57. 
2. Loading  duct de t a i l   pe r   F igu re  57. 
3.  Tethering and load patch detai ls  per  Figure 57. 
I n  add i t ion  a l l  of the  provis ions  spec i f ied '  as  
GENERAL NOTES on Figure 57 must be f u l f i l l e d .  
Figure  63 Specimen for SBS 106 
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D = l .  93'  D=1.03' D=O. 68' , 
t b 
32 .  c.  G 26.2' t 21.4' 
I - 




Genera l  No tes  
1. ' r i m a c o r d   s u p p o r t   d e t a i l   p e r   F i g u r e  57. 
2.  L o a d i n g   d u c t   d e t a i l   p e r   F i g u r e  57. 
3. T e t h e r i n g  ar.d load n s t c h   d e t a i l s   p e r   F i g u r e  57. 
F i g u r e  65 Specimen  for  SBS 109 
r=O. 338 + 0 . 0 3 7 9 c  I /  I  I  \ !  r = ~ .  221 + 0 . 0 5 0 9 G  (x & r i n  feet) (x & r  infeet) I 1 I I I I 
I I 
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Figure 66 SFecimen  for SBS 110 
P = Peak Posi t ive  Overpressure i n  psf 
Pn = Peak Negative  Overpressure  in  psf 
ta = Arr iva l  Time i n   M i l l i s e c o n d s  
= Pos i t ive  R i se  Time in   Mi l l i seconds  i: = Pos i t ive  Decay Time in   Mi l l i s econds  
= Separat ion Time i n  Mil l iseconds 
= Negative Decay Time i n  Mil l iseconds 
t4  = Negative  Rise Time in   Mi l l i s econds  
Figure 67 Separated N-Wave Def in i t i on  
0 50 loo 
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milliseconds 
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CALIEXATION  PRESSURE (lbs/sq ft) 
MAXIMUM SIGNAL POSITIVE PEAK OVERPRESSURE (lbs/sq ft) 
MAXIMUM SIGNAL  NEGATIVE PEAK OVERPRESSURE (lbs/sq ft) 
RESPONSE AT  MICROPHONE A 
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RESPONSE AT  MICROPHONE B 
TYPICAL  SIGNAL 




!& - Cn RESPONSE AT  MICROPHONE D 
0 T NEGATIVE 
RESPONSE AT  MICROPHONE E - 
STATIC CALIBRATION BLIP FOR  ASSOCIATED  MICROPHONE 
RESPONSE AT  MICROPHONE F 
li" 
Nominal  Length 
I g n i t i o n  D e v i c e  
~ . " " - 
1-1 Nominal Diameter 
Microphone Arrqy- 
K E Y  -
A EB-106 D e t o n a t o r  
Match Squib 
A Augmented  Detonator  
FOR SPECIFIC MICROPHONE 
LOCATIONS  EE 
F i g u r e  7 SBS 70-79 
F i g u r e  8 SBS 80-89 
F i g u r e  9 SBS 90-99 
F i g u r e  10 SBS 102-112 
F i g u r e  68 KEY TO PRESSURE PULSES 
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Figure 70 SBS-71 
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MICROPHONE ARRAY 
F igure  73 SBS-74 
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MICROPHONE ARRAY 
Figure 76 SBS-77 
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MICROPHONE ARRAY 
Figure 78 SBS-79 
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Figure 79 SBS-80 
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MICROPHONE ARRAY Y 















Figure 81 SBS-82 
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MICROPHONE ARRAY 












Figure 83 SBS-84 
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Figure 86 SBS-87 
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MICROPHONE A R R A Y  
Figure 87 SBS-88 
152 
0 50 LOO 
I l l ,  
M i l l i s e c m d s  
3.93 











50 ' - 
/nJ - 
MICROPHONE ARRAY 



































Figure 90 SBS 91 
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Figure 92 SBS-93 
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Figure 93 SBS-94 
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Figure 95 SBS 96 
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MICROPHONE A R R A Y  
Figure 96 SBS-97 
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Figure 97 SE-98 
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Figure 99 SBS-102 
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Figure 101 SBS 104 
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Figure 102 SBS-105 
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MICROPHONE ARRAY 2.77' 





















Figure 104 SBS 107 
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Figure 107 SBS-110 
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Figure 108 SBS 112 
NASA-Langley, 1971 - 2 CR-1844 
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